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ABSTRACT

The end effector is an essential element of teleoperator and telerobot systems to be employed in
space in the next decade. This report defines functional requirements for end effector systems
to perform operations that are currently only feasible through Extra-Vehicular Activity (EVA).
Specific tasks and functions that the end effectors must be capable of performing are

delineated. Required capabilities for forces and torques, clearances, compliance, and sensing
are described, using current EVA requirements as guidelines where feasible. The implications
of these functional requirements on the elements of potential end effector systems are
discussed. The systems issues that must be considered in the design of space-based

manipulator systems are !den!_ed; including impacts on subsystems tightly coupled to the end
effector, i.e., control station, mtormation processing, manipulator arm, tool and equipment
stowage. Possible end effector designs are divided into three categories: single
degree-of-freedom end effectors, multiple degree-of-freedom end effectors, and

anthropomorphic hands. Specific design alternatives are suggested and analyzed within the
individual categories. Two evaluations are performed: the first considers how well the

individual end effectors could substitute for EVA; the second compares how manipulator

systems composed of the top performers from the first evaluation would improve the space
shuttle Remote Manipulator System (RMS) capabilities. The analysis concludes that the

anthropomorphic hand is best-suited for EVA tasks. A left- and right-handed anthropomorphic
manipulator arm configuration is suggested as appropriate to be affixed to the RAMS, but could
also be used as part of the Smart Front End for the Orbital Maneuvering Vehicle (OMV). The
technical feasibility of the anthropomorphic hand and its control are demonstrated. An
ev°lution .a9' development approach is proposed and a roximate • •
xmplementlng the suggested maninula n _,,o,°_. :...t_ppp ,- scheduhng provided for
early 1990s ,- tvr ...ro_,.-_ ,,, ume mr space stanon operataons in the
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SECTION 1

INTRODUCI'ION

Planned operations in space in the next decade include assembly, construction, and satellite

servicing and repair. All of these operations are expected to be accomplished, at least in part,by use of teleoperators and telerobots.

The end effector physically grasps and manipulates objects at the worksite. Its capabilities
determine how skillfully objects can be grappled, handled, or manipulated. It is thus a very
critical component of the teleoperator system. For space applications, the end effector system
must be general purpose and multifunctional to accommodate the variety of tasks that must be
performed.

The objectives of this document are to specify the functional requirements for a telerobot or
teleoperator end effector system and to suggest alternative solutions fulfilling these

requirements. The intent is to define the requirement,_ to the level of detail necessary to guideimplementation.

Section 2 provides the context of the analysis, including the types of missions in which
multifunctional end effectors may be applied. Severn terms commonly used in the field have
somewhat different meanings in various situations; the usage of many terms found in this
document is explicitly defined in this chapter.

Section 3 describes the systems issues that must guide the design of space-based end effectors.
These include concepts of system robustness, human operator requirements, and sensor and
control concerns. Performance is considered separately in Section 4.

Section 4 specifies tasks and individual functions multifunctional end effectors should be able

to perform, as well as requirements for forces, clearar_ces, compliance, and sensing. These
needs, wherever appropriate, are defined from existing guidelines for planning astronaut EVAs
(extra-vehicular activities).

In Section 5 we examine implications of the systems aJad task specifications presented in
Sections 3 and 4. These include the options for mechanical and sensor elements. We consider
components of the control station and the applicability of automation, since control (human or
machine) of the end effector will be influenced by the physical design of the effector, and vice
versa. The chapter also discusses design implications _br other elements with which the end
effector must coordinate, such as the tools it may use, _md the arm to which it is attached.

Section 6 defines three concepts of alternative end effector approaches. We have derived four

basic designs from these three concepts. Each design description is accompanied by a list of
features associated with the design, with both positive _md detrimental attributes. Where

feasible, we have presented likely variations on the basic designs. Since we are synthesizing
and selecting these designs for later evaluation, there is an implicit preliminary evaluation
occurring in this chapter.
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Section7 is acomparativeevaluationof specificcharacteristicsof thevariousdesigns.
Becauseof thegreatrangeof functionalityrequiredof space-basedendeffectors,andthe
stronglikelihoodthattheonly manipulatorarminitially availablewill bethespaceshuttleRMS
(remotemanipulatorsystem),wehaveperformedtwoevaluations.Thefirst evaluation
considersa setof endeffectorsintendedto substitutefor EVA. Thesecondevaluationlooksat
endeffectorsthatcouldbeadaptedto theRMS. Bothevaluationsarebasedon asimplified,
multi-attributevaluemodel.

In Section8weprovideexpandeddescriptionsof theselectedalternatives.We proposeaplan
for developingthesuggesteddesigns.Includedis aroughschedulebeginningwith
preliminarydesignandendingwith spaceshuttleflight-testing.

Finally, in Section9, wesummarizetheanalysis.
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SECTION 2

BACKGROUND

2.1 ANALYSIS APPROACH

There is little data available on performing manipulative tasks in the space environment. The

only experience to date is that of astronauts who have performed extra vehicular activities (EVA).
Space-suited astronauts have successfully retrieved, repaired, and redeployed satellites in space.
Since the eventual intent of space teleoperators is to substitute for EVA, we have used the

capabilities of an astronaut's gloved hand as the model for end effector task capabilities. We
have used tasks performed by space-suited astronauts as sample tasks that should be feasible forteleoperators.

The task capabilities will be combined with other requirements in such areas as reliability and
useability to represent the desired functionality for the end effector system.

The desired functionality for the end effector system will be tempered by the feasible

functionality within the time frame of Space Station IOC (Initial Operational Capability). The
final result will be a set of recommendations for end effector system design.

2.2 CONTEXT OF REQUIREMENTS

The functional requirements of the end effector system must be considered in a particular context:

• The end effector system must operate under the environmental conditions of
space.

The system should be functional by space station IOC, approximately 1994.
This includes space-rating of system elements.

The end effector system must be feasible using reasonable monetary andmanpower resources.

2.3 MISSION DESCRIPTIONS

The end effector system will be an element of manipulator systems used to perform suchmissions as [1-4]:

Inspection, servicing, and repair off
- Space station

- Satellites in low earth orbit

- Satellites in geosynchronous orbit

- Space station co-orbiting platforms

Satellite capture and re-deployment
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• Assemblyandconstructionof spacestructures

• Supervisionof experiments

• Contingencyhandling

• Simplemanufacturing

Thevarietyandincreasingfrequencyof thesemissionsmeansthattheywill, asarule,be
performedwithoutbenefitof extensivesimulationorrehearsal.Theflexibility andadaptability
requiredof theman/machinesystemsthatwill carryout thesemissionsis unprecedented.

2.4 TERMSAND DEFINITIONS

2.4.1ManipulatorSystemandComponentDefinitions

Teleoperator System

A teleoperator system allows a human operator to directly control the manipulation or
positioning of objects at a remote site. The only existing operational teleoperator system for
use in space is the shuttle Remote Manipulator System (RMS), used to deploy and recover
satellites. A teleoperator is distinguished from other types of manipulator systems in that the

human operator continuously controls all actions of the teleo.perator. In contrast, a robotic

system would operate autonomously, without human supervision.

Telerobot System

A telembot combines elements of teleoperators and robots. In a telerobotic system, a human

operator controls some, or most, activities, but at least some operations are controlled
autonomously, as in a robotic system. As the sophistication of robotics technology increases,

telerobot systems are expected to evolve greater and greater autonomy.

Manipulator System

A manipulator system comprises all elements of the telerobot or teleoperator, including the
hand, sensors, electronics, interfaces, the arm, base support, communication links, and the
control station with its displays, functions and controls, and hand and arm master controllers.

Manipulator Arm

The manipulator arm consists of the 6 or 7 degrees of freedom (DOF) behind and including the

wrist joint. Often the use of the term "manipulator arm" will also include the end effector that
is attached to the arm. The design of the arm is beyond the scope of this paper, except in cases
in which end effector requirements cannot be isolated from manipulator arm design issues.
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End Effector System

A multifunctional end effector system is composed of two elements:

1) The end effector (or end effectors in an exchangeable system)
2) The tools that can be effectively utilizexi by the end effector

Each element must be designed with the other in mind. Various end effector design approaches
assume significantly different functionalities and complexities in the tools to be used.

End Effecwr (EE)

The end effector is the mechanism, below the wrist of the arm, that has one or more degrees of
freedom. The end effector physically grasps and manipulates objects in the work environment.

Depending on design choices, the end effector may or may not be exchangeable during the
performance of a mission.

The end effector is composed of several subsystem,_ supporting manipulation, sensing, and
control.

Too/s

The end effecior may use tools to aid in carrying out tasks. The tools may be general purpose
(e.g., screwdrivers or torque wrenches) or specialized (e.g., fluid coupling mate/demate tool).

Tools are distinct from the end effector itself, though they may have some sensing capability.
A tool with significant information processing capacity or autonomy would necessarily be
re-classified as an end effector.

Control Station

The control station is composed of all devices needed to control the manipulator system. This
includes the control panel with its embedded controls and displays (visual or otherwise), the
primary computer and its software, as well as the cc_ntroller.

Controller

The controller is the manual human input device ("master") that controls the manipulator arm
and hand ("slave"). The controller can take many forms, ranging from joysticks to
arm-encasing frameworks.
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2.4.2EndEffectorCharacteristics

Multi functionality

In the context of this analysis, multifunctionality is defined as the ability of the end effector
system to perform a wide range of tasks.

Smartness

Smartness is gained through sensors. If an end effector hand can recognize its environment
through sensors integral to the end effector, then it is considered smart. The level of smartness
is independent of the end effector's performance capabilities or its degrees of freedom.

Manipulative Capability

Manipulative capability is the skill to manipulate objects with the end effector. Typical
examples are (a) squeezing a trigger on a power tool while holding the handle with the rest of
the hand, and (b) turning an object in the hand. The basic requirement for manipulation
capability is a two-DOF knuckle joint so that the fingers can clamp in several different
directions, or move sidewise relative to individual finger surfaces. This also allows for fine
alignment to the workpiece surface without the need to adjust through the relatively crude wrist
motion. The hand usually requires at least three fingers.

A second approach to achieving manipulative capability is redundancy in clamping. An
example of this would be two sets of three jointed fingers (with single-DOF knuckle joints)
working cooperatively. One set of fingers can manipulate an object in one plane, with the other
set taking over if the first set needs to regrasp the object in another orientation; alternately, the
second set of fingers, aligned in a different plane than the fh-st, could manipulate the object in
the second plane.

Dexterity

Dexterity is the the combination of manipulative capability and smartness to skillfully
manipulate objects with the hand.

Active Mechanical Compliance

This is the human muscle equivalent capability to tighten or loosen a muscle which acts as the
joint stiffness control. In the "soft" mode, a compliant limb will yield to outside forces; in the
"stiff.' mode, the limb will resist yielding. As a practical consequence, a hand commanded to
close over an object will conform to the object's shape. The hand can then be stiffened, and
clamping force applied, enabling a much better grip on the object. Compliance also protects the
manipulator arm and the object if the arm should accidentally strike the object, since the soft
mode allows arm parts to yield, cushioning the impact.
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Compliancemaybepurelymechanical,or beimplementedthroughsoftwarecontrol. Thelevel
of compliancemaybevariedautonomously,or underhumanoperatorcontrol.

2.4.3EndEffectorTypes

Thecatagoriesof endeffectortypesaresummarizedin Figure2-1. Themoreimportant
categorieswithin thecontextof thisanalysisaredefinedbelow.

Smart Hand

An end effector with several types of sensors built fi_, such as a combination of force,

proximity, and position sensors. A smart hand does not necessarily possess manipulative
capabilities. Unless otherwise specified, a smart hand or smart gripper is assumed to have one
degree of freedom.

Multi-DOF End Effector

Multi-DOF end effectors possess more than one DOF, but unless otherwise stated, do not have

manipulative capabilites. In general, the various degrees of freedom are acting in a single
plane.

Dexterous Hand

A hand with at least three manipulative fingers and irlcorporating sufficient sensors to possess
dexterity.

Anthropomorphic Hand

A hand with a thumb, two to four fingers, palm and wrist in a human shaped configuration,
capable of dexterous manipulations. Additional features include fingernails, soft surfaces on
inner hand surfaces, compliance, and the thumb's capability to move out of opposition with the
fingers to form an open-faced clamping device.

2.5 RANGE OF END EFFECTOR DESIGNS

The options considered initially in this analysis range from the simplest two-claw gripper to
human-like hands. Different designs may handle standard tools or a variety of customized
tools. End effectors may or may not be exchangeable. As the analysis proceeds, these options
will be further and further honed to a set of viable distinguishable ahernatives, and finally to a
single recommended development approach.
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Figure 2.1. End Effector Categories
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SECTION 3

SYSTEM SPECIFICATIONS

3.1 SCOPE OF SYSTEM NEEDS

The end effector system must be considered in the context of the teleoperator system of which

it is a part. Where there is interaction between the end effector system and other teleoperator
elements, the end effector specifications must cross system boundaries. The objective of the
teleoperator and end effector system is to perform a variety of tasks that would otherwise be

possible only through EVA. The design approach selected must have the potential to evolve
into a practical "workhorse" for space applications. The end effector system will initially be
directed by a human operator whose own requirements must be understood. Autonomous

systems will gradually take over portions of the human control task.

The principal requirement for the end effector system is that it be able to accomplish the
mission scenarios specified, and perform as many of the current and future EVA-feasible tasks

as possible. The capability to perform tasks is sep_trately considered in Section 4, "Task

Specifications."

Other systems issues are addressed below.

3.2 SYSTEM ROBUSTNESS ISSUES

The end effector system must not only be capable of high performance, but must be reliable,

consistently maintaining that performance, with few breakdowns requiring space repairs. If
the end effector system can perform all tasks, yet fails after every other mission and requires
EVA for repair, it may have little usefulness; EVA would likely prove a more effective use of

resources.

Issues and design goals related to the end effector system's robustness, reliability, and

complexity are discussed below.

Exchange Operations. Most conceivable end effector systems will change end effectors,
tools, or both, numerous times during a mission. The design of the interface between the
fixed base and the exchangeable EEs or tools will depend on the power, sensing, and data

requirements of the exchangeable elements, and on the manipulator arm design. The
complexity of the interface and alignment requirements for mating of connections will
genemUy increase the time required for an exchange. The number of exchanges in a given
mission will be a function of the generality of the exchangeable elements. All of these

factors will significantly affect mission completion time.

Self-Repair and Replacement. Ideally, an end effector system should be repairable
without EVA. In a multi-arm teleoperator system, one arm may be able to perform work
on another. To be feasible, "repair" will likely take the form of changeout of modular

elements of the end effector system. If the expected time between system failures is low,
this self-replacement capability will be especially critical. We can conceive of placing
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exchangeinterfacesin series,sothatif the lowerinterfacefailed,theinterfaceandjammedendeffectorcouldbeexchangedasoneunit.

Modularity of Design. In additionto facilitating replacementof failedcomponents,
modulardesignshouldbeenforcedtoenableincorporationof newcapabilitiesas
technologybecomesavailable.Givensufficientmodularity,theteleoperatorsystemcould
bere-configuredfor differenttasks(e.g.,limb lengthcouldbeoptimizedfor work sitesofvaryingvolume).

Sensitivity to Environment. The end effector system must be able to operate under
conditions of significant thermal gradients. Byproducts of servicing, construction, and

repair tasks will include free floating debris: scraps of wire, tape, metal shavings, and other
items. This debris could potentially damage or jam an end effector system. The end
effector system must be relatively insensitive to these environmental hazards. This
insensitivity will be especially difficult to achieve if the end effector system includes a
complex exchange interface.

Impact of Failures on Work Site. The system should be designed to cause no or
minimal damage to the work site in the event of system failure.

Manual Overrides/Safety Issues. If the space shuttle Remote Manipulator System
(RMS) fails, the following can be done through EVA: (a) release of RMS shoulder brace,
(b) tiedown of RMS, and (c) alignment of RMS joints to allow restraints to latch. These
manual capabilities are necessary to ensure that the payload bay doors can be closed and
RMS secured for safe de-orbit. Similar safety features will surely be required for other
space-based teleoperator systems, and should at least be considered for the end-effector

itself. The end effector system may also be designed to be easily jettisoned if necessary.

Space-Rating of System. A single end effector system could potentially have a large
number of operating configurations (e.g., two dozen exchangeable end effectors). To
space-rate the system, each configuration may require separate testing. This could add
significant unanticipated time and cost to the system design and development effort.

3.3 HUMAN OPERATOR ISSUES

As space-based teleoperator systems evolve, automation will aid more and more functions.

Initially, however, we can assume limited automation with a human operator doing most of the
work of controlling the teleoperator and end effector system. The human o erat r " ."
and must be considered explicitlv at all sta_es of,_,-_,_ ,,_-_ -_......... P o is crucml
include: _ _, .... s,, a.u ucvelopment. Important issues

Choice of End Effector Controller. The controller must be tailored to the characteristics

of the end effector. This is especially true if the end effector incorporates multiple degrees
of freedom. The controller must be abke to interpret a sufficient number of distinguishable
commands to support the requirements of the end effector.
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ConsistentOperator Interface. Theoperator interface must allow the operator complete
control over the full range of end effector systern multffuncfionality. Designing a
human-factored operator interface, let alone one controlling a variety of functions, is not a

trivial task. A potentially ineffective approach to employing multiple exchanged end
effectors might be distinct operator interfaces for each effector. If there are inconsistencies
among the control methods for different functions, the result will be an increase in the
frequency of operator errors.

Mission Complexity/Operator Fatigue. Control of the teleoperation system will, at least

initially, involve significant task loading of the human operator, until AI techniques provide
meaningful user aid. The end effector system w_ll likely contribute as much loading as the
rest of the teleoperator, since the task elements requiring the greatest dexterity will be
performed with the end effector. If the operator fatigues quickly, the teleoperator system
will be ineffective. The same is true if the average teleoperated mission requires too much
elapsed time or too many individually commanded operations compared to EVA.

3.4 CONTROL AND SENSOR ISSUES

Sensory Feedback to Operator. The human operator needs sufficient information from

the remote work site to successfully direct the teleoperator system. Some sensory data will
be generated within the end effector system (e.g., tactile and force sensing, local visual
information); other data will be generated outside the end effector system (e.g., global
visual information). Data from both sources will be critical to control of the end effector.

The end effector system design must include the necessary sensory capability and avoid
interfering with the operation of other teleoperator sensor systems.

Use of AI Techniques. AI tools should be implemented wherever feasible to aid the
human operator. These include intelligent information displays, suggested trajectories or
command sequences, and autonomous functions. Since we expect the teleoperator system
to develop greater and greater autonomy, the initial design should be consistent with this

growth. This may affect how sensors are placed and how the data they produce are
processed.
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SECTION 4

TASK SPECIFICATIONS

In order to be useful in guiding the design of the end effector system, mission scenarios have

been broken down into as much detail as possible. The missions are decomposed first into major
task categories, then into sets of tasks, and finally into basic individual functions that must be

performed. These functions and the related capabilities of an astronaut during EVA are analyzed
to develop functional requirements for forces and toiques, clearance, compliance, and sensing.

4.1 TASK DESCRIPTIONS

4.1.1 Task Categories:

(1)
(2)
(3)
(4)

Assembly/Construction

Servicing/Repair
Supervision/Inspection
Contingency Handling

4.1.2 Task List

The tasks below are derived from analysis of possible missions [ 1-4], as well as missions

performed to date by astronauts during EVA. (Appendix A lists tasks performed to date by
astronauts, as well as the tools and equipment available to EVA astronauts.) Tasks to be
performed in space applications include:

- Inspect
- Checkout

- Retrieve/stow equipment and tools
- Use hand tools and power tools
- Handle payloads
- Remove/replace ORUs

- Grasp/grapple irregular objects

- Fasten/release restraints, tethers, latches, access panels, etc.
- Control rendezvous and docking
- Retrieve debris
- Mate/demate umbilicals

- Wrap and tape thermal blankets
- Flip switches, turn knobs

- Remove/install threaded or rotary connectors
- Align fragile components

- Clean, resurface (e.g., mirrors, lenses)
- Solder
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4.1.3 SampleTasks

Sampletasksrepresentativeof end effector requirements include:

- Deploy/retrieve vertical telescoping antenna
- Remove/replace ORU held in place by captive screws
- Replace/reconfigure thermal blanket
- Position, align and tighten rotary electrical connectors

- Inspect irregular surface
- Clean mirror

- Operate tether hooks and stow/unstow various tools

4.2 REPRESENTATIVE END EFFECTOR FUNCTIONS

The end effector system must be able to:

- Inspect
- Orient in space
- Align
- Grasp/release
- Rigidize
- Manipulate objects
- Mate/demate
- Insert/remove
- Lock/unlock
- Screw/unscrew
- Bolt/unbolt
- Rivet
- Cut

- Tape
- Patch

- Grind and polish
- Coil/uncoil
- Solder

4.3 REQUIRED FUNCTIONAL CAPABILITIES

4.3.1 Force/Torque Requirements

Loads Nominally Applied by Astronaut

The approximate ranges of forces and torques an astronaut may be expected to apply during EVA
are shown in Table 4-1 [5,6]. Maximum loads applied, broken down by type of activity, axe
indicated in Tables 4-2 and 4-3. Note that an astronaut may apply an instantaneous or breakaway

force of up to 36 Ib [5].
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Force

Torque

Sources:

20-30 lb

(situation, duration dependent)

11 ft-lb

[4, 5]

.Minimum

= 0.6 lb

---O. 1 ft-lb

Controlled, Directed Loads Applied During EVA

Table 4-1

Load Description, Restrained Crewmember Actuations

• Gloved hand, steady-state force application

• Gloved hand, instantaneous or breakaway force

• Gloved hand torque, wing tab connec:or

• Gloved hand, single cycle hand squeeze

• Gloved finger, toggle switch actuafior_

• Booted foot, toe-button detent (one foot restrained)

Load Limit

* 25 Ib

36 Ib

** 50 in-lb

30 lb

** 0.63 to
6.25 lb

** 4.0 to
20.0 Ib

output for

rest period

Notes:

* The useful work involves a 10-Btu work

a 5-min duration, interspersed with a

between applications.

** Force range includes a minimum value to ensure a

resistance level for tactile feedback.

Maximum Work Force Applications, EV Crewmembers
(Data reproduced from reference [5])

Table 4.2
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Connector Diameter (inches) Torque (in-lb)

1.0 4.0
1.5 5.6
2.0 8.6
2.5 12.4
3.0 16.0 (finger curl)
4.0 24.8 (finger curl)
5.0 33.6 (finger curl)

Connector Actuation Resistance, Fingertip, EV Gloved Hand

(Data reproduced from reference [5])

Table 4-3

Loads Confined to Tool/Workpiece System

Higher forces and torques have been applied to a workpiece in situations in which the loads were
not transmitted to the astronaut. For example, a torque of up to 100 ft-lbs was applied by the
Module Servicing Tool (MST) to tighten and loosen jackscrews holding subsystem modules to

the Solar Maximum Mission satellite.

Such loads are not part of the requirements for the end effector. Note, however, that the end

effector may position or operate tools that do apply these loads.

4.3.2 Clearance Limits

Minimum clearances around workpieces will depend on the assumed means of access to the

workpiece in an EVA situation. Access may be by an astronaut's gloved hand or by a tool used
by the astronaut. All manipulation functions to be performed on a workpiece by an astronaut are
assumed to be one-handed; therefore, clearance greater than that needed for a single glove cannot

be assumed.

Minimum distances between connectors, and minimum clearances for access by an astronaut's

gloved hand to those connectors are shown in Figures 4-1, 4-2, and 4-3 [5]. Clearance around
handholds is shown in Figure 4-4 [5]. If an end effector is to take advantage of existing

handholds, its active volume must be comparable to that for a gloved hand.

Figure 4-5 [5] indicates minimum clearances between tools used by an astronaut and structures in
the workspace. In a comparable teleoperation situation, the end effector is likely to either grasp a
similar tool or actually consist of a modified version of the tool.
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STAGGERED ROWS

2.5

IN.
MIN

SINGLE ROW

_ _.6 IN. MIN

Minimum Clearances Between Single Rows and Staggered Rows of Connectors
(Reproduced from reference [5])

Figure 4-1

_I _ MIN

"lt,

Minimum Clearance Required Between Connector Tabs
for EV Gloved-Hand Access

(Reproduced from reference [5])

Figure 4-2
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3.0-DEG
RADIUS

6.0 IN. DIAM

VIEW B

EV Gloved-Hand Clearance Envelope for Wing Tab Connector or Equipment
Tether Operation

(Reproduced from reference [5])

Figure 4-3
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CROSS SECTION :

L= 1.38 IN.

W = 0.75 IN.

R =0.5W

EV Gloved-Hand Clearance Envelope for ORU Handle
and Handrail Terminations

(Reproduced from reference [5])

Figure 4-4
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i

Minimum Sweep Clearances Between
Interface Tools and Hardware/Structures

(Reproduced from reference [5])

Figure 4-5

4.3.3 Compliance Requirements

Some degree of compliance is required of the end effector system. With compliance, several

types of tasks become far more practical, while the chances of inadvertent damage to the

workplace are reduced.

Common tasks involving alignment and tightening of threaded fasteners are generally infeasible

without compliance. EVA guidelines and practice to date suggest that captive fasteners will be
used whenever possible; however, even captive fasteners must be aligned at the interface

between the parts to be joined.

In general, hand tools must be carefully aligned. To operate a wrench or similar tool, the end
effector must either have compliance or the ability to move through extremely.precise circular

paths relative to the workpiece orientation, which may be of arbitrary orientation to the
manipulator. This applies also if the end effector must open a hinged access panel while
grasping it. Real-time control of complex motions or two-handed operations may be infeasible
without compliance. Dual arm robots will also need compliance to manipulate rigid objects with
both hands.

Some tasks may require the end effector to shift position while continuing to apply force to hold

the workpiece in an aligned orientation (e.g., connection of cylindrical Canon-type connectors
that require two distinct alignment operations). With appropriate compliance these tasks may be
feasible.
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In addition,complianceis desirableto reducetheeffectsof inadvertentcontactof theendeffector
with objectsin theworkspace.Guidelineshavebeendevelopedthatdefinethemagnitudeof
accidentalloadingthatmaybeimposedduringEVA (seeTable4-4 [5]). Theguidelinesare
limitedto only afew elementsof theworkarea,butdoprovidesomeindicationof theforcesthat
mightbeappliedbytheendeffectorwithoutcausingsignificantdamage.

Theneedfor compliancecombinedwith theneedtoperformprecisemanipulativefunctions
suggeststhefurtherrequirementthattheendeffectorsystempossessvariable,activecompliance.
ThehumanoperatorcouldpotentiallydirectlycontrolLhedegreeof compliance.

Load Description

• Hand/arm forces on translation handholds,
handrails, equipment tethers, and foot restraint
attach points

• Safety tethers, personnel

• Exposed electrical harnesses --
gloved hand contact

Hand loading on wing tab connector/connector
shells, inadvertent hand torque application of
force to wing tabs

• Multilayered insulation (MLI):

Push and impact (normal to covered surfaces)

Tension

Load Limit (lb)

* 100

300

20

** 50

100

20

Notes:

* Surfaces and structures within the

crewmember access planes shall

by this limit load.

** Assumes a shell diameter greater

plus two 1-inch wing tabs.

normal EV

be constrained

than 1 inch

Maximum Loads Inadvertently Imposed by Crewmember
(Data reproduced from reference [5])

Table 4-4
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4.3.4 SensingRequirements

To successfullyaccomplishits rangeof tasks,theendeffectorsystemmusthaveaccessto the
following information,especiallyif it isoperatingautonomouslyor otherwiseundermachine
control:

(1)
(2)

(3)
(4)
(5)
(6)

Orientation of end effector elements relative to each other

Orientation and positon of end effector relative to other objects

in workspace
Forces and torques acting on the end effector
Conftrmation of grasp
Location of forces on end effector

Configuration of objects in the workspace

This information will be provided by a combination of sensor types. Note that these types may

be implemented as local or global sensors (e.g., one force/torque sensor may recognize grasp,
while another resolves the overall force vector acting on the end effector). Possible sensor types
include:

- Position/Velocity
- Vision

- Force/torque
- Proximity
- Tactile (surface mapping)

- Temperature

Most visual sensing may fall outside the boundaries of the end effector system, in the form of a
vision system for the entire teleoperator. However, the quality of feedback to the primary visual
sensing system may be limited for a number of reasons, including the geometry of the
manipulator arm or end effector system. If so, some visual sensing may need to be incorporated
into the end effector itself. Illumination capability in the end effector is likely to be necessary for
the same reasons.

Forces and torques applied by the end effector must be measurable with some precision across
the ranges specified in Table 4-1. Force feedback to an astronaut through the pressurized glove
is limited, but is still available at the range minima.

The physical size of the sensing subsystem must not compromise the clearance constraints
described above.
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SECTION 5

IMPLICATIONS FOR END EFFECTOR DESIGN

The system and task specifications just defined in Sections 3 and 4 have implications for the
implementation of the end effector system design. In this section, we consider the elements
within the major end effector subsystems, and the range of design options available for those

elements. We also examine certain design considerations that transcend individual subsystems,
including those that should influence the design of other manipulator system elements.

5.1 MECHANICAL SUBSYSTEM

The major parts of the mechanical hand include: power actuators, power transmission,
clamping system, frame, and several auxiliary elements [7, 8].

Power Actu_ti0n

Common actuators used in robotic systems are:

- Hydraulic
- Pneumatic

- Stepper motors
- DC motors

The options are limited to stepper motors or DC motors for space applications. DC motors are

generally preferred; DC motors offer higher precision and their output power versus weight
ratio is much higher than for stepper motors.

Power TransmissiQrl

Among the available power transmissions are the different gear types, spindles and leadscrews,
mechanical linkages, cable drives, and pneumatic or hydraulic lines.

Clamping System

The clamping system specifies the configuration of the gripper or "hand " Major hand types
are"

(1)

(2)

(3)

One degree-of-freedom hands, having two fingers

Special purpose hands, e.g., suctions cup% magnetic devices

Multiple degree-of-freedom robotic hands, e.g., 3- or 4-finger claws with the
fingers in a circular arrangement
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(4)

(5)

(6)

Dexterous hands, usually with three fingers with three degrees of freedom each

Prostheses, designed as functional substitutes for the missing hand of an amputee

Anthropomorphic hands, configured similarly to a human hand, designed for
teleoperator or robotics applications

Some of these alternatives are clearly unsuitable for space applications: special purpose hands

are simply too limited in capability; prosthetic hands are generally not designed to be controlled
remotely, and possess insufficient power. The nine or more degrees of freedom of computer
controlled dexterous hands make real-time control and coordination computations difficult, and

these hands are not generally adaptable to teleoperator control. (Note that an anthropomorphic
hand, though possessing many degrees of freedom, avoids the computational complexity of
dexterous hands, since a human hand input device is utilized in a master/slave configuration.)

Only the general purpose hands (1, 3, and 6) will be considered further in this analysis.

A_xili_xy Elements

Among the more common items which should be considered in advanced mechanical hand
construction are:

- Modular design
- Overload release mechanisms

- Mechanical compliance (active or passive)
- Mechanical self-centering
- Mechanical damping
- Concave geometrical clamping cavity shapes that can "hug"

objects rather than rely solely on friction forces
- Exchangeable parts and/or hand exchange mechanism

In some cases it may be advantageous to incorporate exchange mechanisms enabling the use of

plug-in end effectors designed so that the integrated mechanical and electronic subsystems are
exchanged. However, since automatic coupling of mechanical, electrical, and hydraulic or
pneumatic connections is rather complex and error prone, greater advantage might be derived
from exchanging only parts of the end effector, such as"fingers" or "fingertips." Fingers and
f'mgertips would be designed with limited or no connections except for mechanical coupling.

Additional mechanical elements that will be needed, but are not part of the end effector itself, are

various tool adapters. Tool usage enlarges the application range of the mechanical hand.

5.2 SENSOR AND FEEDBACK SUBSYSTEM

The requirements for multifunctionality and smarmess put high demands on the sensor

subsystem. The end effector may also act as a source of data generally needed by the
manipulator system.
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Sensorsin thesubsystemwill includeacombinationof:

Vision
Force/torqueactingontheendeffector
Grasp
Tactile
Temperature
Proximity
Position
Motion

A blockdiagramof thesensorsubsystemis shownin Figure5-1. Whenpossible,support
electronicswill beremotefrom thesensorheadtoreduceendeffectorencumbrance.As
necessary,rawsensordatawill beconvertedto theappropriateform to beprocessedor
t(.ansmitted(e.g.,opticalsignalconvertedto electronicsignal,analogsignalconvertedto digital
signal). Thesensordatawill bemultiplexedfor processingandtransmission.

Thesensorswill generatedatarequiringsignificantprocessingto beconvertedinto meaningful
information. Somedatamaybeprocessedlocally,within theendeffectorsystem,whileother
dataaretransmitteddirectlyto centralprocessingfacilitiesfor themanipulatorsystem.Locally
processeddatamayprovidedirectfeedbackto theendeffectorcontrollerfor certainautonomous
functions.

5.2.1 Vision Sensors

Visualimageswill betheprimarysensoryfeedbackto theoperatorof theteleoperatorsystem.
Thevarietyof tasksto beperformedby theendeffectorsystemrequirehighfidelity vision
sensing.

Usefullocationsfor themountingof visualsensorsmaybethemanipulatorwrist, arm,or in the
hand. Camerasmaybemountedon theirown boomcompletelyindependentof themanipulator
arm. Only sensorson thewristor in thehandfall within theboundariesof theendeffector
system.

Considerationsfor theselectionof visualsensorsin themultifunctionalendeffectorsystemare
imagequality,size,sensitivityto physicalshock,andadaptabilitytomultipleendeffector
configurations.

Sensor Types

The four camera technologies available for vision sensi_ g are:

- Vidicon

- CCD (Charge Coupled Device)
- CID (Charge Injected Device)

- Fiber optics (not a camera, but does al!ow distant placement of any of the three
camera types listed above)
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For some short range visual sensing, it may be possible to use CCD or CID devices without
attached lenses, significantly reducing the size of the sensor head.

To further aid the human operator, the visual image may be processed for contrast enhancement

or to compress the dynamic range.

Sensors ]

i i f' :-" "
r

1) Remoted eleoa_nics

2) Mode conversions

3) Multiplexer

End I i
Eff_or I ._0 .......................................

Controller I

I

Communications
Channels

i Sensor

i Subsystem

!
!
! Central Sensor !

! CPU i
i

!
J

Sensor Subsystem

Figure 5-1
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5.2.2 Force/TorqueandGraspSensors

Informationaboutloadsbeingappliedby or to theendeffectoriscritical to thesuccessof many
tasksin whichvisual informationisunavailableor is inherentlyinsufficient(e.g.,it canbe
impossibleto visuallydistinguishanalignedcaptivescrewfrom amisalignedoneat the
beginningof thetighteningprocess).

Confirmationof theendeffectorgrasponanobjectreduceschancesof slippageandlossof
grasp,especiallywhentheobjectis in turnusedto applyloadsto otherobjectsin thework area.

Sensorscanbelocatedatthewrist to determineoverallforcesandtorquesactingon theend
effector. Graspsensorsneedto bemountedon theirmersurfacesof thefingersor claws.

Sizeandoperatingrangeof loadsensorsareimportar_tin their selection.

Sensor Typ_es

The two principal sensor mechanisms for measuring loads are:

- Strain gages (measure strain)
- semiconductor
- thin film
- unbonded wire
- bonded metal foil

- Piezoelectric sensors (measure force, s)

Depending on the set-up and geometric arrangement, the structure can be configured so that the
sensors measure forces, torques, or moments.

The data generated by these sensors can be sent direcdy to a central processing system or locally
processed to minimize communications demand.

5.2.3 Tactile Sensors

Tactile sensors provide indications of the location and distribution of forces on the end effector.
The data from these sensors can def'me the shape and orientation of objects held by the end
effector;, the sensors may also determine whether an object is slipping from the end effector's
grasp (this may be accomplished via the successive evaluation of force distribution "snapshots").
The importance of this information depends on the capability of the end effector to take advantage
of it; if the end effector has many degrees of freedom, tactile information may be required for
their coordinated control. In general, the more dexterous the tasks to be performed by the end
effector, the greater the need for tactile sensors.

Tactile sensors may be useful if located on all surfaces of the end effector that may make contact
with objects in the work space; however, they are most needed on the surfaces designed for

grasping, such as the inner surfaces of fingers.

5-5



To bepracticalfor spaceapplications,tactilesensorsmustbeof smallsizewhilepossessing
sufficientresolution,resistanceto damage,repeatabilityof measurement,andlow hysteresis.

Sensor Types

Various technologies have been applied to developing tactile sensors [9,10]:

- Optical
- Photoelectric
- Semiconductor
- Piezoelectric

- Magnetoresistive
- Conductive elastomer

None of the existing sensors are sufficiently rugged for practical space applications. Most
existing sensors are experimental. Resolutions vary, but have been reported up to 10,000
points/cm z [11]. Depending on the sensor, the data path may be wire or fiber optics.

The requirement that tactile sensors be placed on the surface contacting the object being
manipulated makes isolating the sensor data path from exchange operations difficult.

While the number of data points for tactile sensing is generally much lower, tactile images of
sufficient complexity can be processed using algorithms similar to those used for vision

processing. Until these image processing facilities are available, the usefulness of tactile data
will be limited by our ability to meaningfully interpret it. Furthermore, as with vision, tactile
imaging may require fast and powerful data processing facilities.

5.2.4 Temperature Sensors

The variable thermal environment of space necessitates incorporating temperature sensors into the
end effector. These sensors are part of the intemal design of the end effector. Sensor

information may be used locally to activate heating units to prevent freeze-up of moving parts in
the effector.

Thermocouples and thermistors are mature technologies generally used to sense temperature.

5.2.5 Proximity Sensors

Proximity sensors provide range information for objects in the immediate vicinity of the end
effector (e.g., within one foot). This is particularly useful for autonomus operations such as
collision avoidance, self-centering of the gripper or other effector on an object, surface area
mspectmn, and automatic grasping.

For self-centering and grasping, proximity sensors should be directed forward and inward from

the forward and inner surfaces of the end effector equivalent to fingers. For collision avoidance,
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sensorsshouldbelocatedatvariouspointson theoutersurfacesof theeffector.

Sensorsintegratedinto theendeffectorsystemmustberelativelysmall,andmustbeableto
accuratelymeasuretheproximity of avarietyof typesof objects.Thesesensorsmaybe
adverselyaffectedby contaminationof theendeffectorsurfaces.

Sensor Types

Proximity sensor technologies include:

- Optical interrupter
- Reflective
- Microwave
- Ultrasonic

- Capacitive
- Eddy current

The ultrasonic, capacitive, and eddy current type sensors have limited applicability to space
operations. The optical interrupter, reflective, and microwave sensors should be more useful.

5.2.6 Position/Motion Sensors

"If the end effector system has multiple degrees of freedom, it will need sensors to report its
precise position. From position information velocity can be derived or position integrals
computed. This feedback is of even greater importance if the end effector is to be operated
autonomously.

Sensor Types

Sensors commonly used in robotics applications for determining position include:

- Linear potentiometers

- Single- and multi-turn potentiometers
- Variable transformers
- Optical encoders

- absolute
- incremental

- Magnetic encoders
- Tachometers

5.3 CONTROL STATION

The control station is the means by which the human operator interacts with the manipulator
system. The control station must display the information appropriate to the particular task the

operator is currently performing, and allow the operator to efficiently control the appropriate
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functionselectedfrom themanyavailable to him.

One consequence of multifunctionality is that the appropriate functions and information are

constantly changing. The number of options available through the operator interface may make
operator error highly probable (e.g., the operator may select an option appropriate to the previous
tool used by the end effector, rather than the current tool). If distinct operator interfaces are
required for many functions, much of the benefit of the multifunctional system may be lost. The
properly designed control station must be flexible without overloading the operator.

The primary components of the control station are discussed below [12].

5.3.1 Control Panel

The control station control panel will incorporate several displays and controls:

Displays

- Graphics. Displayed graphically will be status indications, data
from the various elements of the sensor subsystem, option menus,
and recommendations of expert systems or other user aids.

- TV. Television monitors will show various views of the work site,

including stereoscopic images.

- Indicator lights.

(_Qntrots

- Buttons, switches

- Keyboard
- Touchscreens

- Joysticks

5.3.2 Master Manipulator/End Effector Controllers

The manipulator and end effector controllers together provide the human operator with his
primary teleoperator control capability. The two controllers are not independent, since the
operator will often use them simultaneously. The position of the human operator's own arm or
hand is commonly the input to control the manipulator arm; this constrains the operator's options
in using his hand to control the end effector.

Since human operators may need to control two manipulator arms for future tasks, the control of
manipulator and end effector should be integrated into a single arm/hand controller if at all
possible, leaving the operator's other arm free to control a second manipulator.
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Manipulator Controller

The manipulator controller may be implemented by several means, such as:

- Joystick

- Six or more DOF hand controller (6 DOF position
control plus push button)

- Exoskeleton

- Strap-on harness
- Voice

- Self-supporting frame

- Computer control of pre-pregrammed functions
- Autonomous control

Note that some of these techniques could easily interfen'e with any multiple degree-of-freedom
end effector controller. Others may not be feasible in the short term.

The manipulator controller will use some combination of rate, position, force and operator aided
control strategies, and may provide force, position, or other stimuli feedback to the human
operator.

End Effector Controller

Candidate devices to control the operation of the end effector system are:

- Hand triggers
- Glove controller with finger resolution

(position or force control)
- Control panel controls
- Voice

- Computer control of pre-pro_ammed functions
- Autonomous control

The type of multifunctionality impacts the hand controller design. The capability and degrees of
freedom of the end effectors must be reflected in the controller. If only exchangeable, single
degree-of-freedom end effectors are used, the hand trigger should suffice. If the end effector is

anthropomorphic with multiple fingers, the human operator must be able to control multiple
degrees of freedom simultaneously (if the degrees of freedom are controlled sequentially, the
advantage of multiple fingers is lost). The glove type controller provides the necessary level of
control by taking advantage of the many degrees of freedom of the human hand and the similarity
m configuration between the human hand and the appropriately constructed anthropomorphic
hand.
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Controlpanelcontrols,or othercontrols(seebelow)maysupplementtheendeffector
controllers,butareunlikely to supplantthem. For example,abuttonon apanelmightbeusedto
reversethedefaultrotationof apoweredscrewdriverendeffector,or evento triggerits
operation,but thepanelcontrolswouldnotbeusedto positionor orientthescrewdriverin
space.Thecontrolpanelwould likely beusedfor fine adjustment,zerosetting,re-indexing,and
auxiliary functions.

Force,position,and/ortactilefeedbackincorporatedinto the end effector controller would
present the operator with information about the end effector system in an intuitively understood
format. This would free the operator to concentrate his visual attention on the primary TV
displays, rather than possibly distracting graphics displays of forces or torques.

5.3.3 Other Controls

The task loading induced by the manipulator/end effector controllers will not leave the operator
with his hands free to control auxiliary functions. These functions may include positioning of
TV cameras or other sensors, setting of active compliance, controlling the illumination of the
work site, selecting information to be displayed, temporarily decoupling the manipulator/end
effector controllers from the slave arm, freezing the slave arm while the operator removes his
own from the master controller, and setting end effector modes (e.g., tighten, loosen). The
operator will use a combination of the following to accomplish these functions:

- Voice

- Foot pedals/buttons
- Knee pads
- Head position
- Eye position
- Chair position

5.3.4 Other Displays

Additional displays may provide necessary information without compromising control functions:

- Helmet mounted TVs for stereoscopic display
- Heads-up displays
- Force feedback display
- Direct tactile displays (incorporated into the end effector

controller)
- Auditory feedback
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5.4 ENDEFFECTORCONTROLAND PROCESSING

5.4.1 FeedbackControl

Feedbackcontrolcanbeincorporatedinto theendeffectorsystem.Position,velocity, and
positionintegralfeedbackwouldallow for correctionof position,velocity, andsystematic
displacementerrors.

5.4.2 ProcessingConsiderations

Someinformationprocessingwill goonwithin theendeffectoritself, whilemuchprocessingof
thedatageneratedby sensorsembeddedin theendeffectorwill occuratacentrallocation. Local
processingof sensordatamaybeusedto reducebandwidthrequirementsfor thecommunications
channels,or to provideinformationto thelocalendeffectorcontrollerto supportautonomous
operations.Theendeffectorcontrollerwill of courseperformprocessingof its own to carryout
theappropriateendeffectorfunctions.

Processingrequirementsfor controlof theendeffectorsystemshouldinitially below. An
exceptionto thiswill occurif theendeffectorsystemhasseveralDOFwhile thekinesthetic
configurationof themastercontrolleris significantlydifferentfrom theconfigurationof theend
effector.Complextranformationswouldthenbeneededto matchcontrolsignalsto actionsby
theendeffector,andprovideappropriatefeedbackto theoperator.

In eithercase,theprocessingrequirementswill grow byordersof magnitudeasuseraid
becomespartof thesystem(seeSection5.5),andasthesophisticationof sensorprocessing
increases.

Controlalgorithmsmaychangecompletelywith differentfunctions,endeffectors,or tools. The
controlsoftwareshouldbeimplementedin amodularenvironmentthatsupportsfutureexpansion
anduseof AI tools.

5.5 AUTOMATION TO SUPPORTMULTIPLE TASKS

Automationwill play anincreasingrolein thetasksthemultifunctionalendeffectorsystemis
designedto support.Theendeffectordevelopmenteffortmustthereforeconsiderthefuture
requirementsof automationat all stages.However,autonomoustelerobotswill certainlynotbe
availableto replaceEVA operationsuntil thelate90s. As aconsequence,thisdocument
emphasizesneedsof teleoperationastheyinfluenceendeffectordesign.

Certainoperationsrelatedto themultipletaskstheendeffectorsystemwill performare
candidates for early automation. Several tasks could be performed autonomously, with the
human operator intervening only if serious errors would otherwise occur. The following
discussion identifies some of these tasks, and points out areas where automation is clearly
desired.

End effector or tool exchange is a repetitive, time-consuming function. An automation scenario
for exchange operations follows: After using a wrench at the work site, the human operator
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movestheendeffectorto aneutralpositionfrom which inadvertentmotionsareunlikely to
impacttheworksite. He thengivesthevoicecommand"Selectscrewdriver."An automated
controlsubsystemcommandsthemanipulatorarmthrougha sequenceof actions:movetheend
effectorto thetool storageassembly,stowthewrench,moveto thestowedscrewdriver,unstow
thescrewdriver,andreturntheendeffector,now graspingthescrewdriver,to thepreviously
establishedneutralposition. Suchautomaticexchangeoperationsmaybe feasibleby
pre-programmingalimitednumberof motionsequences.

If theendeffectorsystemhassomemeansof recognizing tools automatically, the tool exchange
operation above could become more flexible. Automatic tool recognition would not necessarily
restrict tool stowage to single, pre-def'med locations in a tool rack.

With vision input to an autonomous system, the hand could be commanded to automatically track
and lock onto an object. A simple "close hand" command would then close the aligned hand to

clamp an object appropriately (assuming sufficient compliance in the end effector). A glove
controller could be used as a motion teaching device for even quite sophisticated and complex
motions, including such grasp modes as close hand, clamp, pinch, etc. These motions could then
become pre-programmed functions activated through simplified voice commands.

Tasks such as polishing, inspecting, cutting, taping, or soldering may require the end effector to

follow workpiece surface contours precisely. This surface following capability is necessary in
both contact and non-contact modes (e.g., inspection). In the contact mode, the end effector may
need to apply a constant force to the workpiece along one axis while the end effector performs
another action (e.g., polishing). Automation of these surface following operations would
significantly reduce operator loading in these situations.

Collision avoidance would prove an extremely useful automated capability. It would allow the
human operator to concentrate on the task he is performing, without undue concern for the
configuration of teleoperator and environment beyond the immediate work site. Without

collision avoidance, the operator could conceivably devote half of his attention to being sure he
was not about to damage equipment near the work area.

5.6 SYSTEM IMPLICATIONS

5.6.1 End Effector Exchange Operations

Use of exchangeable parts (in addition to tool usage) is one approach to enhancing the
multifunctionality of an EE. We can distinguish three different types of exchange operations:

(a) Exchange of the whole EE, including power lines and signal interfaces and handling of
thermal blankets.

(b)

(c)

Exchangeable fingers only, including limited communication channels but no power
line interfaces and no thermal blanket handling.

Exchange of finger tips only beyond any sensing devices, requiring a mechanical
exchange mechanism only.
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Theappropriatenessof theseexchangeoptionsvariessignificantlybetweennon-dexterousand
dexterousendeffectortypes.

Non-Dexterous Hand. s

Any full end effector exchange would require the following complex links between the
exchangeable end effector and the permanent base:

- Data lines for commands to the end effector

- Sensor data lines (vision, force, torque, etc.)
- Electrical power or mechanical drives
- Structural connections

- Coupling, aligning, and centering mechanisms

For space operations, the interface would need to be thermally protected (e.g., by a
reconfigurable thermal blanket).

The feasibility of exchange operations is influenced by the time per exchange, reliability of an
individual exchange, the number of exchanges, the stowage requirements (size and location),

and the possible need for an additional arm or active stowage facility to help in an exchange.
Related factors influencing the choice of an exchange strategy include:

• The number of simple exchangeable EEs needed to execute typical EVA tasks.

• The costs of development, testing, and flight certification of a number of special
purpose EEs.

The requirement imposed by exchangeability to develop reliable automatic exchange
mechanisms for mechanical, electrical, and electronic interfaces to couple them to the
arm as well as to every individual storage cell.

Exchange operations would require an automatic tether dock/undock mechanism at

every EE interface. This potentially escalates the development costs, while introducing
a new source of failure: the tether cable might get entangled in the exchange
mechanisms or the working area.

• The distance the arm must travel to change EE:_, and the accuracy needed to align the
arm to enable coupling.

• The feasibility of handling thermal blankets.

The likelihood of debris in the exchange mechanism preventing a successful coupling.
Self repairs in space after a breakdown are unlikely.

The development costs and space requirements of a special EE stowage system. A
special stowage facility would likely increase storage space requirements since the EEs

need to be presented with the exchange mechanism exposed to enable an exchange
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operation.

Sinceexchangeoperationsshouldbedoneautomatically,theproperdocking,locking,
andtetheringmechanismsmustbeimplementedon thearmaswell asateveryEEand
everystowagelocation.

• Different EEs might require different control strategies which are likely to confuse the
operator.

The above factors will make automatic gripper ex¢hanges a rather unlikely task, if not totally
infeasible, Use of non-physical links, such as modulated lasers for sensor and command data
communication, may significantly improve the speed and reliability of exchanges.
Exchangeable f'mgers or fingertips only would diminish the exchange complexity. However,
the docking/undocking problem still remains if the exchange operation is supposed to take
place automatically.

Manual exchanges are of course much simpler, in this case the desired fingers are manually
attached to the hand _ to an EVA operation.

Dexterou_ Hands

Due to the capabilities of dexterous hands, no whole EE exchange operations are required.
Fingertip exchange operations are feasible with these hands since their dexterity would allow a
second hand to snap on and secure fingertips at the other hand without the need of automatic
exchange mechanisms. The fingertip in this type of exchange is separated beyond any sensing
organ so that only a mechanical interface exists. Possible fingertips are Velcro pads for
handling objects with Velcro surfaces, and custom curved or straight shapes for better grips on
selected objects.

Under some circumstances, a second dexterous hand might carry out the exchange of another
hand that had failed.

5.6.2 Tool Manipulations

It is obvious that no single hand design can accommodate all requirements to successfully
handle all objects. Even the most sophisticated end effector, the human hand, uses a variety of
manual and power tools and still needs other aiding devices for even quite common tasks.

Employing tools marked the turning point in early man's life. It will have the same effect on
robot hands where the use of tools will enhance robotic capabilities and application ranges. It
is therefore important to realize that the successful use of tools by the mechanical hand is one of
the most important design criteria.

Two different sets of requirements exist for the proposed EEs, again depending on the
dexterity level of the EE:
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Non-Dexterous Hands

The criteria for tool handling by non-dexterous hands are somewhat similar to the criteria for
the exchanging of end effectors:

• Development of a specially designed tool sto_age facility is needed where each tool
must be presented in the proper orientation for grasping.

• Each tool must be equipped with a feasible clamping section to be grasped with a
non-dexterous EE, requiring specially designed tools.

• Many tools may need a special adapter betwee_l hand and tool to hold the tool in a
certain fashion.

Development is necessary of automatic lock and unlock mechanisms to operate while
each tool is being stowed/removed. A possibly distinct development would be an
automatic tethering mechanism to work for all tools.

Questions such as docking mechanism robustness, reliability, frequency of
breakdowns, and servicing or repairs in space must also be addressed.

Enough clearance between tools in the stowage bin is required so that the hand can
reach in.

Moving the whole arm from the work site to the EE stowage location is required for
each exchange operation.

Non-dexterous EEs are unlikely to possess the capability to squeeze a trigger to start the
action or flip a reverse-direction lever. Radio control for activation of certain power
tools may therefore be necessary.

These EEs would have limited tool manipulative capabilities; the hand just holds and

moves the tool. (Tools cannot be turned in hand; a pair of pliers could not be grasped
while being opened or closed.)

A second EE would provide limited aid in positioning of tools for proper grasping.

Without compliancy in the hand-arm, it is impossible to rigidly hold a tool and follow
an arbitrary arc on the work site as would be required around hinges and with
wrench-type tools.

Non-dexterous EEs have little capability to handle very small tools, work in small
spaces, or execute accurate small motions.
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Dexterous Hands

Characteristics of tool manipulations with dexterous hands:

• Off-the-shelf tools can be used with minor modifications.

• The currently used EVA tool stowage can be used without modifications since the tools

can be grasped in any orientation (for instance from Velcro strap surfaces or in
styrofoam holders) and manipulated until they are rigidly aligned in the hand.

• Appropriate clearance must be provided between stowed tools.

• A second dexterous hand can assist in grasping and holding of tools.

• The tether can be attached to a tool's security ring with a second hand. No automatic

tether coupling mechanism needs to be developed.

• A dexterous hand/arm would have built-in compliance required for many tool

manipulations.

• Powered tools can be plugged into a socket on the tool holding arm with a second
hand.

• Triggers can be squeezed with one finger.

5.6.3 End Effector/Equipment/Tool Stowage and Retrieval

The end effector system must be able to retrieve and stow its exchangeable end effectors and
tools. Current practice for EVA tools and equipment often relies on various techniques:

- form-fitting foam receptacles
- tether rings attached to objects
- Velcro straps

Combinations of these devices may be sufficient for most tools and equipment. However,

using them without modification would require dexterity and, most likely, two-handed
manipulation (note that tool preparation is an EVA function that permits the use of two hands
by an astronaut). For example, once a tool has been pulled free of the foam via its tether ring,
the tool is typically swinging free at the end of its chain. Its position must then be stabilized;
next the tool is grasped in a tool-using configuration, or temporarily stowed in a portable
workstation for later use.

Standard EVA tool stowage techniques will be insufficient for stowage of exchangeable end
effectors: the end effector/base interface must be exposed and available while the exchangeable

end effector is stowed. The requirements for the stowage facility include:
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- Maintainendeffectorin preciseorientationfor interfacing
- Providecomplianceorothermeansto avoiddamagingendeffector

duringrepeatedinsertionsandremovalsfrom stowagefacility
- Protectendeffectorsfrom thermalor otherradiation
- Survivethousandsof exchangeoperationcycles
- Bereconfigurablefor variousendeffectors
- Preventinadvertentlossof endeffectorsdueto floataway

Thedifficulty of fulfilling theserequirementsdependslargelyon thecomplexityof the
interface.

5.6.4 NegativeSubsystemInteractions

Thevarioussubsystemsmustbeintegratedintoaneffectiveendeffectorsystem.Certain
subsystems,particularlythosecontainingthemechanicalandsensorelements,couldeasily
degradeeachother'sperformanceif notconsideredcarefullyduringdesign.

Theneedfor awiderangeof sensorinformationcanleadto bulky sensorpackagesmodifying
theeffectiveconfigurationof theendeffector,limiting clearances,andgenerallyreducingthe
effectivenessof themechanicalsubsystem.

Mechanicallysimpleendeffectorsmaybemostreliableandoffergreatersurfaceareafor
sensorplacement;but theresultmaybemuchsensordatawith little capabilityto respondto it.
Alternately,complexmechanicalconfigurationsmayseverelylimit thetypeandquantityof
availablesensordata.

As sensorandcontrolcomplexityincrease,therequirementsfor thecommunicationschannel
will alsoincrease.Parallelratherthanserialcommunicationsbecomesnecessary;radio
frequencyinterferencemaydegradetransmissions.

Increasingcomplexityin all subsystemsmayresultin anundesiredgrowthin overallsystem
mass.

Someof thesenegativeinteractionsmaybeunavoidablegiventhecurrentstate-of-the-artof the
relevanttechnologies.Nosubsystemshouldbeinherentlydominant; tradeoffsamong
individualsubsystemsmustbeguidedby theobjectiveof improvedoverall system
performance.

5.6.5 Protectionfrom Environment

Theharshandvariableconditionsof spacewill requireseveraltypesof shieldingfor theend
effector:

- Thermalshielding(e.g.,thermalblankets)
- Radiationshielding
- Resistanceto abrasivesurfaces
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5.7 ENDEFFECTORIMPACTON OVERALL ARM DESIGN

Capabilitiesof theendeffectorsystemmayimpactthedesignof themanipulatorarmin such
waysaschoiceof numberof arms,sizeof arm,numberof degrees-of-freedom,andinclusion
of endeffectoractuatorswithin thearm.

5.7.1 Numberof Arms

Severalissuesrelatedto endeffectormultifunctionalitysuggesttheuseof multiplearmsin the
manipulatorsystem,asdiscussedbelow.

LimitedExchangeability.Limitationsin exchangeabilitymayleadto useof twoor more
armswith significantlydifferentendeffectors.Operationoverthefull rangeof
poweror forcerequirementsmaybeinfeasiblewithin asinglearm/endeffector
configuration.Multiplenon-identicalarmsmight supportthefull range.

- SymmetricManipulators.Thevarietyof tasksto beperformedmayrequireuseof
symmetric(left andright handed)cooperativemanipulatorsfor "two-handed"tasks.
Thismaybenecessaryevenif endeffectorexchangeabilityis notanissue.One
armmayholdanobjectin placewhiletheotherarmmanipulatestheobject.

CurrentEVA guidelinesrequiretasksto performablewithonehand,with theother
handusedfor restraint.Thedexterityof multi.functionalendeffectorsisunlikely to
beidenticalto thatof anastronaut'sglovedhand;evenif theteleoperatorcan
performthesamefunctionasaglovedhand,it will likely do thejob in adifferent
way. Cooperatingmanipulatorsmaybeneededto do thesamefunctionan
astronautcandowith only onehand.

Bulk LoadHandling. Two armswill beneededfor generalpurposemanipulations,in
orderto resolveoccurringmomentsintoacoupleof forces,oneoneachann. This
will allow for scalingthearmsto amuchsmallersize,enablingfineandaccurate
motions. If only onearmwereused,it wouldhaveto besizedto securely
withstandlargemoments.

Self-Replacement.Replacementof afailedendeffectorsystemwithoutEVA would
requireasecondarmto performworkon thefirst.

- TeleoperatorSystemTransportationandGrappling.Multifunctionalendeffectorson
multiplemanipulatorarmsmaybeableto "walk" themanipulatorsystemto the
worksite. Onceatthework site,multiplearmscouldrigidizetheconnection
betweenthemanipulatingarm(s)andtheworkpiece.

In thelater sectionsof thisdocument,wemaysometimesassumetheexistenceof asecond
identical(or symmetric)arm/handto allowperfomanceof functionsanastronautmightperform
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usingbothhandsduringanEVA.

5.7.2 ActuatorPlacement

Multifunctionalendeffectorsmayhavemultipledegrees of freedom requiring several actuators.

To reduce the size and generally improve the performance of the end effector, it may be
necessary to place these actuators above the wrist, on the arm itself. This is analogous to the
human arm: the muscles controlling the human hand are located in the forearm.

Alternately, the end effector system can be redefined to extend beyond the "elbow" of the
manipulator arm, keeping the actuators within the end effectorboundaries.

5.7.3 Manipulator Arm Degrees of Freedom

The complexity of the hand must be matched by the at m, i.e., a dexterous hand requires a
seven-DOF compliant arm.

Minimally six degrees of freedom are necessary to position the end effector appropriately at a
work site. However, this assumes no obstructions between the manipulator and workpiece.
To reach around objects, at least one additional degree of freedom would be necessary. Two
or more manipulator arms used cooperatively on the same task (as described above) could
easily become obstructions to each other, even if no other obstructions exist. If each arm has
sufficient degrees of freedom, this potential problem can be prevented.

A seven-DOF arm must have its appropriate end manipulator controller. Among the previously
introduced manipulator controllers, only the six or more DOF hand controller (where the
seventh DOF would be controlled with software if the six-DOF controller is chosen), the
exoskeleton controller in anthropormorphic shape, or computer control are feasible.

5.7.4 Arm Scaling

The size and mass of the manipulator arm must be commensurate with the size and functions of
the multifunctional end effector system attached to it.

For example, the shuttle RMS is too large for easy positioning of an end effector performing a
variety of precision tasks. Re-orienting the end effector to tighten a series of screws would
require undue time, since the entire mass of the arm would have to be moved and then

stabilized. Any end effector or tool exchanges would also be time consuming operations.
Unless a tool stowage facility can be mounted at the work site, the RMS would have to go to
an exchange rack located near its base for exchanges.

The front end mass which will be moved for fine positioning must be comparatively small to
avoid vibrations. A direct consequence of this is that no 50-foot arm can be used for accurate

handling. A low mass arm in front is needed for fine adjustments and to avoid dynamic
problems. The big arm can be used as base support which moves the small arm and hand
system(s) into the working area. The small mass arm is likely to be the "Smart Front End" to
be developed for use on the OMV and Space Station. The Smart Front End is intended to
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servicesatellites.Currentconceptsincorporatemultiplearmsandtool racks.

5.7.5 Interfacingwith theShuttleRMS

Certainlimitationson theuseof multifunctionalendeffectorswith theshuttleRMSwere
addressedduringthediscussionof armscalingrequirementsin Section5.7.4above.
Additional issuesareraisedbelow.

In anappropriatearm,thejoints mustbe flexibleenoughto properlyaligntheEEto the
workpiecewith thewristjoints ascloseto theEEaspossible.TheRMSarmhasits lastwrist
joint atleast6 feetawayfrom theclaws,whichis inadequatefor accuratealignments.

The50-footRMS shuttlearmhasa snaringdeviceEEthatallowscapturingslightly misaligned
objectsin space.Thegraspis thengraduallytightenedandtheobjectaligned. If aone-DOF
smarthandwithoutcompliancewererigidly mountedon theRMSEE, not only would the soft
_'asping capability be lost. but one would have to move the 50-foot arm into accurate position
_. This is impossible due to arm drive accuracy, mechanical tolerances, and the
arm's elastic flexibility oscillations when moved or stopped. As a result, a smart hand cannot
be hard mounted to the RMS, nor aligned accurately; the hand would bang into the workpiece
at each oscillation. The soft grappling capability of the RMS is desirable to keep induced
moments and stresses to a minimum, but becomes unavailable when the RMS picks up the end

effector.
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SECTION 6

ALTERNATIVE END EFFECTOR DESIGNS AND PRELIMINARY
EVALUATION

This chapter consists of three parts:

Section 6.1 outlines three advanced EE design categories evolving from 1) improving the current
state-of-the-art "smart hand;" 2) increasing multifunctionality by adding additional features that

will require a new basic EE design; 3) the creation of an anthropomorphic hand capable of object
manipulation including a human hand adaptable hand controller. Previously introduced relevant
theory is reviewed and expanded pertinent to the EE concept discussions, enabling a preliminary
evaluation of mechanical concept feasibilities.

Section 6.2 discusses system integration issues for each of the three advanced EE design
concepts. Each hand has to be matched with the proper system elements such as its arm, the
controller, exchangeability features, and tool usage.

Section 6.3 proposes four specific EE solutions which are based upon the preliminary evaluation
of parts 1 and 2. Their designs are described and will be evaluated in Section 7 to find the most
capable EE for performing upcoming space tasks.

6.1 OVERVIEW OF DESIGN ALTERNATIVES

(1) Single-DOF Hand

Basic Model. The state-of-the-art, general purpose EE design is the two-finger
gripper with a linear closing motion [13]_ Its primary advantages are the
simplicity in design and the available technology. However, based on the
definition of terms outlined in Section 2.4, it has very limited

multifunctionality--with clamping capabilities only, no manipulative capabilities,
no dexterity, and handling of only a narrow range of object sizes and shapes.
Tool handling is very restricted, too, to a mere holding of tools. Proper tool
presentation and orientation for grappling is necessary, requiring elaborate tool
docking mechanisms and storage facilities. And without compliance control,
accuracy in alignment is essential, requiring a stiff ann and high performance
joint motion capabilities that still might not be good enough for space
applications where objects have a tendency to float around and are presented at
random orientations.

Smart Hand. Advanced gripper developments add a variety of sensors in and
around the hand (i.e., clamping force, proximity, and wrist force-torque
sensors). These sensors aid in object recognition and grasping; the hand is thus
referred to as a smart hand. These sensor capabilities must be traded off with

increased hand size, requiring larger clearances between objects. Even with the
addition of sensors, the single-DOF smart hand has no manipulative capability.
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Section6.1.1discussessingle-DOFhandswherethestate-of-the-artOMV smart
handwith its intermeshingclawsis theprimaryexample. Improvementsare
suggestedthatcouldbeimplementedwithout alteringits basicdesign.

ExchangeableEE. In order to increase the system's capabilites it is often
suggested that exchangeable special purpose hands of different sizes or functions
be used. Even though a larger range of objects could thus be handled, there still

is no dexterity for skillfull object manipulations, while costs become prohibitive:
the design and creation of storag.e space for a number of exchangeable EEs
together with reliable exchange interfaces and EE racks with docking/undocking
and tethering mechanisms becomes mandatory. Exchange interfaces were
discussed separately in Section 5.6.2. Due to the mechanical complextiy,
exchange mechanisms are only considered for single-DOF hands.

(2) Multi-DOF Hands

Section 6.1.2 outlines the key issues to be resolved for the successful
implementation of a multi-DOF EE. The analysis reveals a natural breakdown
into two types of multi-DOF hands: (a) hands with a one-DOF knuckle joint,
using a simpler design and existing technology at the expense of not having any
manipulative capabilities, and (b) hands incorporating two-DOF knuckle joints,
giving the hand manipulative capabilities but requiring a more complex design.
One such hand shape, the human hand-like anthropomorphic hand, has control
advantages that justify considering it separately (see (3) below).

(3) Anthropomorphic Hands

The theory developed in 6.1.2 for multi-DOF hands also applies for this hand
type with one major improvement: the shape of the hand is proportional to the
human hand. This configuration allows a sensed human hand to be used as a
motion input device (master) to control the mechanical hand. Since computer
control is not yet capable of controlling a multi-DOF hand efficiently, the human
hand controller is the most feasible short term way to execute complex ob_iect
manit_ulations, and it will be vital for contingency operations. Furthermore, the

hum_ hand can be used as a teaching device, teaching the control computer
fundamental hand motions. This will be an important feature for automatically
controlled executions in the future. Section 6.1.3 examines anthropomorphic
hands.

6.1.1 The Single-DOF End Effector

The OMV smart hand serves as the base for this design (see Figure 6-1).
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OF, POOR QUALITY

Figure 6-1. OMV Smart Hand

The advantages of the smart hand are as follows:

• Simple design

* Reliable

• Relatively high clamping force strength

• Smart through sensing

The smart hand has serious disadvantages:

• Clamping capability only, not very multifunctionaL

• No manipulative capabilities
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• Nocompliance

• Cannothandlesmallobjects.Smallpiecesmightgetstuckin-betweentheintermeshing
claw sectionsandmightdeformtheclaw segments.

• Cannot work in a small workspace and needs big clearances around the object to be

grasped.

• The bulk of the hand will obstruct the workspace for the global vision system, which is

likely to be the most important sensing system during operation of the manipulator.

• Very limited tool holding capability and only in restricted directions.

• Several EEs might be needed to accomplish certain tasks, requiring exchangeable EEs,
exchange mechanisms, complex tool rack mechanisms, and substantial EE stowage

space.

• Handling delicate objects will be a problem since the hand can only clamp at the two
opposite sides on an object with a relatively high clamping force because holding the

object is done primarily by relying on frictional forces.

• The hand needs a wrist and an arm of proper size for flexibility in aligning. (This is

discussed in Section 6.2.3.)

• If the hand has no compliance (as is the case in the current design), there is a potential

problem that the gripper may lose the workpiece because the brake simply freezes the
clamping motion at a certain point without supplying any additional clamping force
when needed.

• With no compliance, objects can only be "hard" grasped. This is not permitted with the

RMS for safety reasons.

In summary, this hand has very limited capabilites and application ranges and is certainly not
suited for EVA tasks. It can be used, though, for two special space applications: (a) serving

as a rigidizing device or satellite holder, holding the satellite stationary relative to the space
robot while more sophisticated hands perform the EVA operations; (b) the hand could be

employed as a "vise-workbench" on a special arm in front of a dexterous hand pair,
temporarily holding removed equipment to be worked on during on-the-spot satellite repairs.

One of the OMV sample tasks cited is the retraction of a space antenna. This task has not yet

been attempted. Keeping in mind that the geometrical shape of the claws will spatially
constrain two linear and two angular positions with only the longitudinal axis of the antenna
and its rotation around its own axis being unrestricted, it is _ unlikely that the antenna can
be retracted without breaking it. The reason for this is that it must be guided exactly along its

longitudinal axis. This direction, however, is arbitrary with respect to the robot coordinate
system. The use of the proximity sensors for orientation purposes is impossible since they
show zero gap betweeen hand and object and are thus rendered useless for guidance once the

object has been grasped. Relying on the force/torque sensor will fail also because pushing the
antenna with some force will cause a moment at the wrist sensor that is in the same direction as
a moment exerted on the antenna due to misalignments. Therefore, it is very unlikely that the
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antennacanbesuccessfullyretracted.Theconclusionfl'omthisexampleis thatthehandneeds
otherfeaturesbesidessensing;in particular,it requiressomedegreeof compliance.

Creatinganothersingle-DOFEE asaresearchtoolfor conceptualevaluationsor as a

production model would not be warranted at this time, since the recently built smart hands have

not yet been evaluated. This evaluation will take place over the next one to two years. Only
after these evaluations suggest fundamental improvements should a new basic design be

attempted. Furthermore, it was already determined that a one-DOF hand is not EVA capable
and, as will be shown later, cannot be used directly on the RMS arm for lack of compliance
which would defeat the RMS EE's soft grasping capability. Therefore, no new single-DOF EE
desi_ is proposed here, since it seems that one-DOF linear motion end effectors have reached

their peak functional capabilities. Thus, this section only suggests improvements for the OMV
hand that can be incorporated without changing its basic design.

Suggested improvements for OMV hand:

(1)

(2)

Exchangeable Fingers. These require some modifications to easily

remove/replace the current set of intermeshing claws and with it the proximity
sensors. Exchange operations require relatively little work if the claws are

changed manually prior to an operation. Automatic f'mger exchange and stowage
would require extensive research and design efforts.

Snap-on Finger Inserts. Inserts with fiat surfaces for instance, could be

retrofitted onto the current claws when a fiat, uninterrupted clamping surface is
needed. The inserts might obstruct the inward-facing proximity sensors. Manual
mounting prior to use is trivial, but automatic exchanges would have same
problems as in (1) above.

(3) Fingertips. Protruding slender tips might allow work in restricted spaces that are
not accessible with the normal claw. Attachment issues are the same as described
above.

(4) Develop an automatic f'mger exchange and stowage mechanism.

(5) Add an exchange mechanism at the back of the EE.

(6)

(7)

(8)

Build in smaller sensors so that the fingers become less bulky.

Self-centering in longitudinal direction (Figure 6-2). The claw is suspended on
linear ball bushings and springs and can slide up and down the rod. The spring
will be compressed by clamping an object so that the claw rests on the roughened
surface that prevents sliding.

Springloaded Clamping (Figure 6-3). The clamping force sensor is hinged and
the mechanism spring loaded.

Advantages: - Some self-centering capabilities in the clamping direction
- Limited passive compliance

- Better force control, less likely to lose the clamped workpiece
- More gradual clamping
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Self-Centering in Longitudinal Direction

Figure 6-2

Springloaded Clamping

Figure 6-3

Disadvantages: - Requires different clamping force sensor
- Passive compliance causes problems under certain clamping

conditions

6.1.2 Multi-DOF End Effectors

Several multi-DOF hands have been attempted. They inherently have three basic characteristics

that are hard to implement [14-20]:

(1) Complex mechanical design.

It takes a major design effort to build several DOF into a finger-shaped configuration
and incorporate the driving mechanism to actuate all joints properly. Dexterous hand
models have been built without a palm and the wrist so that the dexterous hand in
essence is a set of dexterous fingers. The usual set up is three fingers with three DOF
each where the knuckle joint has the two motion directions needed for manipulative
capabilities. Thus, those hands have the fundamental features for dexterity.

A more promising approach is the construction of individual finger packages. Initial
evaluations were extremely successful so that the proposed multi-DOF solutions are all
based on the finger package approach. Only one basic finger actuation package needs
to be built and tested which, in slightly modified form, can be implemented in each of
the differently shaped multi-DOF hands. Tremendous savings will result with this
modular design since the development costs for the package occur only once for its
mechanical, sensing, and electronic components, which can then be reconfigured to

many different hands of varying sizes and configurations.
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(2) Thecapabilityto controlthemany-DOFto executecoordinatedhandmotions.

Computercontrolhasevolvedto thelevelwhe_ fingertippositionscanbecomputed
andthefingersalignedfor asimultaneousthree-pointcontactattheworkpiece.Whatis
needed,though,is thatthefingerscan"hug"anobjectwith manypointsof contact.
Thiscapabilityis difficult to implementfor directlydrivenjoints withoutcompliance,
partiallybecauseof accuracyproblemsandmachiningtolerances,partiallydueto
computerprogrammingand computationalcomplexities.Handcontroldiffers
accordingto thecomplexityof thehand. It will bediscussedin Section6.2.2andin
theindividual sectionsof 6.3.

(3) Therequirementfor activecompliance.

A definitionfor activemechanicalcompliance,_asstatedin Section2.4.2. When
commandedto closein thesoftmode,thehandwill reacharoundanyarbitrarilyshaped
objects,achievingmulti-pointcontactfor eachfinger, snuglyhuggingtheobject. In
this tight wrap-aroundgrip, themechanismcanthenbestiffenedandtheclampingforce
appliedthereafter.A muchbettergripon theobjectresultswhichnolongerrelieson
friction forcesalonefor clamping.Thesuccessfulincorporationof anactivecompliance
mechanismhastremendousadvantages:

• Thehandcanconformto theshapeof theobject.

It allowsobject-fingercontactsoverthe lengthof thefingerandnotjust atone
pointon thefingertip.

Holdingaloadnearthebaseof thefingerratherthanwith thefinger tipreduces
theleverarmandthusthemomentthejoint hasto withstand.A largerload
capacityis theresult.

Theann,hand,or fingerwill yield to appliedoutsideforcesif in thesoftmode.

Complianceprovidesimpactprotection,sincethehandis normallyin a loosestate
if thehandisnotclampinganobject.

Activemechanicalcompliancecanbeintegratedwith computercontrolto provide
hybridcontrol.

Thehandcangraspanobjectwithoutprior mathematicalmodelingof objectshapeandorientation.

Compliancewill aidtimedelayedoperations, such as orbital teleoperations
controlled from a ground station.

New types of applications are gained through hybrid control. For instance:

-Cooperative two arm operations are enabled.

-Delicate work such as surface scanning at constant finger pressure (used in
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operationssuchascleaningmirror surfaces)becomesfeasible.

-Looseninguponjoint stiffnesswill providethenecessarygive-and-taketo align
onepartwith its matingpartin assemblingoperations,especiallyin the
weightlessnessof spacewherethebodies'weightsdonotmatter.

Themulti-DOFEEs that are proposed in Sections 6.3.2 and 6.3.3 are technically more
advanced than the OMV hand. But even though the design is more complex, it relies on

existing technology to assure immediate practical implementation. Consequently, a one-DOF
knuckle joint is chosen that keeps the finger design relatively simple even though it eliminates
manipulative capabilities. Major advantages of these hands are that they are more
multifunctional than the single-DOF hand and have more strength than the anthropomorphic

hand. A Iwo-DOF knuckle joint is deliberately not chosen for these hands since its
implementation increases the design complexity by an order of magnitude. (As previously
stated, if a more advanced dexterous hand is what is needed, it will be an anthropomorphic
hand because of the controller advantages.)

The new design features that are built into the proposed multi-DOF hands are:

(1) Modularity. Each finger will need the same features which include the finger, power
drives, actuators, and compliance control. All fingers will thus be built as complete
entities (packages), containing the above features. The packages will be built into the
hands as a unit. Tremendous advantages result from the modular finger package

design. Among the advantages are:

Independent design, manufacturing, and testing.

Removal capability of the entire finger package for service, maintenance, or

repair.

Available spare packages allow replacements of faulty units in space and repairs
on the removed unit with minimal system down time.

The finger package can be used for many different applications, including
commercial robots. This wide applicability would eventually result in lower
COSTS.

Exchange of finger packages should take place only when a package malfunctions.
Therefore, the interface between the finger package and the base does not require the
robustness that would be necessary for quick-change end effectors.

(2)

(3)

Compliance. As described above, active mechanical compliance is a must for
multi-DOF hands. Otherwise, limited accuracy would not allow multiple object contact

points from each finger, nor delicate object handling or hybrid control.

Finger design. Each finger will have two DOF. The major drawback is that both finger
joints rotate into the same plane which means that the hand does not have manipulative
capabilities. One proposed finger design will be a modified two-DOF intermeshing
claw. Another is a rotating front claw so that different clamping surfaces can be used

without the need for any exchanges.
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(4)Control of hand. A hand with several DOF on each independent finger needs the

proper controller for effective, efficient control. Triggers and joysticks have
insufficient capability to simultaneously control the large number of DOF involved. A
several-DOF hand controller requiring full hand motions through the wrist would be
inconsistent with simultaneous slave arm wrist control. The glove-type hand controller

is thus suggested. It will be described in Section 6.2.4. (A previous study [6] gave a
mediocre rating to the glove-type controller, largely due to the lack of a defined
technology base. The glove was not then considered in the context of the requirements
of a multi-DOF end effector. In the time frame of this analysis, the glove-type
controller is seen as clearly feasible.) Since computer control of multi-DOF hands is

still problematic, the glove is likely to be the first available controller for multi-jointed

fingers.

6.1.3 The Anthropomorphic Hand

This hand is in the shape of the human hand in somewhat enlarged size which makes it very

comparable to the gloved astronaut hand. The driving idea behind this configuration is, of
course, that our human brain can relate to this shape in a natural way as it controls our hands.
A sensed human hand (with the glove controller) will serve as a motion input device until

computer controls become available. It is the only suggested hand that has manipulative
capabilities, a feature which is a must for EVA tasks as the EVA task analysis showed. It is
dexterous because of its manipulative capabilities and through implementation of sensory

systems that are located throughout the hand. The construction is a compact design that has
sufficient multi-functionality and tool grasping capabilities so that no hand exchange
mechanism is needed to exchange EEs, but it may have exchangeable fingertips that can be
retrofitted by a second hand of the same type, enabling special tasks to be executed. The hand's
actuators must be placed into the forearms. Its design thus already includes a three-DOF wrist
as well as the elbow attachment because the elbow has to fit to the forearm. Thus, the

anthropomorphic hand extends to the elbow.

Recent suggestions for space station robot EEs seem to lean toward the construction of
exchangeable EEs because nobody expects a real breakthrough in dexterous hand design within
the next 5 to 10 years. But the experts agree that if there was a dexterous hand available, it
would be so much more capable for any kind of advanced robotics. More capable (dexterous)
EEs are needed in the near future for EVA applications.

Considering the development costs of one anthropomorphic hand versus several simpler smart
hands plus exchange mechanisms, complex tool racks and EE stowage facilities with their
mechanisms and the need for proper object orientation to be able to latch on to the EEs and
tools, it is plausible that one sophisticated compact design could be more economical in the

long run. Dexterous fingers could pick up tools from existing simple tool stowage facilities of
the kind which the astronauts use right now for their EVA operations. Off-the-shelf tools
stowed with Velcro straps or styrofoam tool holders could be picked up and properly oriented
with the hand where the tether can be attached with the other hand. Thus, one set of

anthropomorphic hands could have more capabilities than a whole series of simple

exchangeable EEs combined.

An anthropomorphic hand with fingers and palm has several levels of operation which in
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essencecombineseveralEEsintoonetomakethishandtruly multifunctional: (i) It has
fingernailswhichcanbeusedfor scratchingandprobingor dispensingadhesivetapeto attach
itemssuchasheatblankets.Specialfingertipinsertscouldalsobeused. (ii) Individual
fing.ers r precisonwork andfor manipulatingsmallobjectswherethepalmcanleanagainst__rve,f° !

eoolectstructure1orsupportsothatveryaccuratefine-adjustmanipulationscanbe
performed.(iii) Severalf'mgersactingtogetheron thesamesideincreaseloadcapabilityand,
with their flexibility, objectscanbehugged.Fingerandthumbcombinedshouldalsobeable
tohandleVelcrostrapsandheatblankets. (iv) Thepalmis usedfor heavyloadswherethe
loadis appliednearthewristandmayrestatthearmtoreducemomentsandto increase
stability. In thismode,thefingersareusedmainlyto clamptheobjectratherthanlift it.
(v) Thethumbcanmoveoutof oppositionto thefingers. In essence,it canmoveoutof the
twaYso tt]atthehandbecomesanopen-facedclampingdevice.This greatlyenhances

o-nancteaanat_uu(-maaoperauons,from thereachof onehandto thereachof two arms.
Largeloadsor partiallyobstructedobjectscanbegraspedfrom onesideonly, withouttheneed
for specialhandlestailoredto thegraspof thehand. Thisfeatureexpandstheclampingrange
from the customary 2-3 inches of a typical EE to 5 feet.

Other advantages are that the smaller size fingers can reach between objects which the current

smart hand cannot. Grasping can be done in many different ways due to the hand's flexibility
which includes grasping from the side so that object observation by the vision system is notobstructed.

Features such as the previously described compliance, modularity, and glove controller can be
incorporated with this hand. (See Section 6.1.2.)

6.2 SYSTEM CONSIDERATIONS

A more advanced EE cannot be an independent development but must be considered as an

integral part of the whole system. This section discusses the issues that need to be analyzed in
order to create an attuned working system in which the EE is a fitting element.

6.2.1 Interface with Robot Arm

Arm requirements for interfacing the three different types of hands are as follows:

(1) The one-DOF smart hand.

This hand has no compliance and no wrist of its own and would thus not be a good
match for the shuttle ann. Without soft grappling capabilities, it probably will never be

permitted to be hard mounted onto the RMS. It will require an arm of approximately
3-6 feet in length. With no EVA capabilities, the hand's space use probably will be of
the kind described in Section 6.1.1. A PUMA-type arm or, especially for the
workbench-vise applications, the PFMA arm could be used. Arm accuracy will be
essential for exchangeable EE operations with this type of ann/hand having no
compliance.
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(2) Multi-DOFEE.

Bothspecificsolutionsof thiscategorywhich will beintroducedin Sections6.3.2and
6.3.3areratherlargein size. Theirprimarypurposeis asendeffectorsfor theRMS;
theycanbeattachedto theshuttlestandardendeffectordirectly. Theycouldalsobe
fitted to anarmof about10-12feetin length.

(3) TheAnthropomorphicHand.

Thishandmusthaveits own speciallydesignedarmfor thefollowing reasons:

Thestrap-onhumanarmcontrollerneedsanequallyproportionedmechanical
arm.

As it already extends to the elbow, only a three-DOF shoulder is needed.

The same active mechanical compliance that is built into the wrist joint must be
built into the elbow and shoulder joints too_ The upper arm is thus a relatively
small additional development item, using the same type of design as the wrist.

The shoulder will be designed to fit to its symmetric counterpart for two handed
operations. The back will be fitted to the RMS EE grapple fixture.

For OMV operation, the two ann set-up can be mounted onto a baseplate of the
OMV vehicle.

For operations inside the shuttle or on the space station, a self-propelled robot

might be needed which can operate independently of the RMS arm. A free flying
robot could take advantage of a variant of the Manned Maneuvering Unit (MMU).
In some cases, propulsion by thrusters might contaminate the cargo; therefore the

propulsion might take place in the same fashion as the astronauts propel
themselves in EVA operations: by using tethers and foot restraints. Actually, no
human-like legs are needed; a second set of a two arm-hand configuration as a
locomotion device to hold on to tethers and handles works better. This
locomotion can be compared to tree-living monkeys that also have a second set of

hand-like devices as feet to hold on to branches while moving through the trees.

6.2.2 Hand and Arm Control

(1) Smart Hand.

The one-DOF EE can be controlled by any of the many different control means
currently available with or without feedback information or automatic control. The arm

for this hand can be controlled by several means, for instance, with a six-DOF position
control device including a trigger mechanism for clamping control.

6-11



(2) Multi-DOF Hands.

As already noted in Section 6.1.2, multi-DOF hands need the proper control so that
each joint can be controlled in an easy to identify and user-friendly fashion. There are
five or more hand motions to be controlled simultaneously for the suggested solutions

with the joints distributed over several fingers, each having individual motion
capabilities. The glove-type controller is suggested and wiU be further described in
Section 6.3.4. In addition to joint motion control, compliance control must be

provided. Arm control wiU be as described above under (1).

(3) The Anthropomorphic Hand.

The hand will be controlled through the glove as the only feasible means until automatic
controls become available. Arm control will be through a seven-DOF (including wrist)

strap-on harness. This allows control of the whole arm/hand with human inputs by
simply performing the motion. This also solves the collision avoidance problem as
well as the seventh DOF (redundant) arm joint control. As an alternative, the second

arm might receive a four-DOF rate controller (x, y, and z plus seventh-DOF redundant
control), positioning the wrist behind the wrist joint. (Note that the glove controller
already includes the three-DOF wrist.) The rate controller allows removal of the human
arm from the controller to handle control panel controls. Both controllers can be zero

adjusted, set for fine motion gains, position re-indexed, and slave motion frozen so that
the human arm can be repositioned in a relaxed mode or moved without the slave
following. Mode selection for individual groups of joints can also be done so that, for
instance, the slave arm is frozen above the wrist while the operator is free to move
closer to the display screen and activate the end effector only through the wrist and

finger sensing glove. These functions will help prevent operator fatigue.

6.2.3 Summary - System Composition

Summarizing the previous analyses, a system integration can now be done:

(1) The single-DOF EE system.

Its components are:

• Smart hands which might include their own force-torque sensors.

• An exchange mechanism either for the whole hand or just for fingers or

fingertips.

• Very complex EE stowage, dock, lock, and tether mechanisms.

• An arm with six or seven DOF which is comparable in size with the hand since

this non-compliant hand cannot be mounted directly to the RMS EE.

• A controller.

• A complex tool rack with dock, lock, and tether mechanisms.
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• The need to develop several more EEs and different types of fingers.

(2) The multi-DOF hand system.

The proposed hands could be mounted onto the RMS grapple fixture, in which

case they would be stand-alone items without an additional arm. The exchange
mechanism under this scenario is the grapple fixture itself.

• Needs an EE stowage bin with dock, lock, and tether mechanisms.

Alternately, an arm with six or seven DOF could be designed to support the EEs
for more precise tasks. The EEs would not be exchangeable in this case.

A glove-type hand controller is needed.

• Needs tools and very complex tool stowage, dock, lock, and tether mechanisms.

(3) The Anthropomorphic Hand.

It consists of a hand-ann assembly with mounting plate for symmetric arm
accomodations and a grapple fixture mounfng for the RMS or OMV.

Needs a glove-type hand controller.

• Needs an arm-hand stowage location.

• Can be built as a multi-arm system with left and right hands.

6.3 PROPOSED END EFFECTOR SOLUTIONS

This section proposes four specific EE solutions. They ,_ill be evaluated in Section 7 to
determine the most feasible EE to be built.

6.3.1 Improvements for the OMV Smart Hand

Among the eight suggested improvements discussed in Section 6.1.1, four are of questionable
feasibility or effectiveness. They are:

• The creation of an exchange mechanism for the whole EE.

• The automation of the exchange operation.

• Reducing the size of the sensors to make the claws less bulky; this can be implemented
whenever smaller sensor heads become available.
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• Exchangeablefingertipsandinserts; thesecanbemanufacturedandincorporatedwhen
appropriateapplicationsaredefined.

Onesuggestionis avoidedbecauseof somedisadvantages:

• Thespringloadedclaws,allowingsomeself-centeringandpassivecompliance.A
redesignof theclampingforcesensorswouldbenecessarywhich introducesother
disadvantages(SeeFigure6-3).

Thatleavesonly two suggestionsfor implementationwhichrequireminordesign
modifications.Theproposedsmarthandsolutionis thusto usetheexistingdesignand
incorporate:

• Self-centeringin the longitudinalaxis(SeeFigure6-2).

° Designmodificationsto allowaneasyexchangeof thetwo-fingerclawsmanually,
prior to or in-betweentaskexecutions.

6.3.2 Two OpposingFingerswith Multi-DOF

Thishandrequiresanewdevelopment.It is afive-DOFhandwith a linearmotionfor gripper
openingadjustmentsandtwoDOFperfingerfor clamping.Theclampingdirectionof all joints
is unidirectional,enablingarelativelysimpledesign.Fingerandrotationaljoint actuation,
includingcompliance,is containedin the"fingerpackage"thatwill befurtherdescribedin
section6.3.4. Thelinearmotiontranslatesbothfinger packagestowardor from thecenterto
createsmalleror largergripperopenings(Figure6-4).

Modified intermeshingclaws(seeFigure6-1) couldbeusedthatprovideenoughintemalfinger
spaceto incorporatetactilesensors.As analternative,rotatingclaw sectionsof thetype
describedin section6.3.3couldbeusedinstead.

Thehand'sfeaturesare:

• Two f'mgerswith two DOFeach.

• Intermeshingor rotatingclawscanbeusedasfingers.

• Lineargripperopeningadjustment.

• Exchangeableor add-onfingertipspossible.

• Modulardesignwith twofingerpackages.

• Fingerjoint compliancewhich isessentialfor multi-pointobjectcontact.

• Strongclampingcapabilities.

• Relativelylargesize.
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• RMSshuttleEEcompatibleadapter(grapplefixture)onbackside.

• No force-torquesensor(usestheFTSsoonto bebuilt into theshuttleRMS).

• Clampingforcesensing,proximity sensing.

I

Figure 6-4. Two Opposing Fingers with Multi-DOF

Even though this EE has certain advantages over the OMV hand, some basic disadvantagesremain:

• No manipulative capabilties.

• Accurate f'me positioning is impossible since it depends on the 50-foot RMS arm.

• It needs a complex tool rack with proper tool orientation, as well as docking, locking,
and tethering mechanisms.

It has no compliance with respect to rotational mis_dignments which is a
problem if such things as bar-handles are gabbed with the uniformly concave inside
section of the fingers. Large moments will result where something will yield! If the
grasped object is free floating, it will have a tendency to rotate to align to the groove.
As previously stated, an EE without soft grasping capabilities in all directions might not
be pemaitted to be hard mounted to the RMS since it negates the RMS soft grasping
capabilities.
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Sincesoft grapplingis neededif it is usedasanRMShand,anexpandeddesigncouldbe
chosenthatincorporatesactivemechanicalcompliancein theremainingdirections,whichare
tworotationalaxesandonelineardirection. In essence,thisrequirestheconstructionof a
sectionbetweenEEandarmthatprovidescompliancefor theEE. Thisdesign,though,would
becomeascomplexasadexteroushandandis thusnotrecommended.

A controllerwith atleastsix DOFis neededfor properhandcontrol. Thefunctionsare:two
fingerswith twoDOFeach,clawopening,andcompliancecontrol. Dependingonhow many
activecompliancecontrolsthehandwill have,additionalDOFmightbeusedfor individual
compliancecontrol.

6.3.3 FourFingersin CircularArrangement

This handfeatures10or moreDOFwith thefollowing functions(Figure6-5):

• Fourfinger packageswith twoDOFeach.Closingmotiondirectionis towardthe
gripper'sroll axis.

• Simultaneouslineargripperopeningadjustment(oneDOF)toward/fromtheroll axis.

Longitudinalmotioncapabilitywith compliance.This featureenablesavery important
capability,illustratedby example:In ascrewremovaloperation,thehandcouldhold a
screwdriverandapplya selectiveforcein theforwarddirection(towardthescrew),
while thehandsimultaneouslymovesbackwards,yieldingto theunscrewingscrew.
Thisoperationcaneasilybeautomatedby servoingfor aconstantpress-onforce.

• Roll motionof thewholeEE mightalsobebuilt-in.

Theprimaryadvantagesof thisdesignversusthesolutiondiscussedin Section6.3.2are:

• It hasfour f'mgers,allowinggraspof aworkpieceindifferentdirectionsfor abetter
hold.

Theclampingsurfacesof twoopposingclawscantranslatelaterallyor rotatein pairsto
accommodateslightmisalignmentswithouttheneedto readjustthearmposition.The
lateralalignmentcanbedonemanuallybyjoystick if fiber-opticvision isprovidedfrom
thecenterof thegripper,or evenautomatedif proximity sensorsdetecttheoff-center
distancesof theobjects.

Thehandcanbeusedon theRMSdirectlybecauseit hassoft grapplingcapabilities.
Thehandcouldbedesignedeitherto begraspedby thestandardRMSendeffector,or
asareplacementfor thestandardRMSEE.

If thehandis built asanalternativeEEfor theRMS,it couldmountdirectly to the
soon-to-be-builtRMSforce/torquesensor(FTS),eliminating,theneedto useagrapple
fixture. DesigningtheFTSandEEtogetherwouldallowanimprovedinterfacedesign
thatwould resultin muchbetterFTSaccuracy.Also, thisnewhandcouldsecureitself
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during launch with its claws, thus effectively solving the launch vibration problem. (In the
expected near term installation of the FTS into the RMS, the existing EE is cantilevered so that
the FTS is required to provide structural stability. This, in turn, renders the FTS unusable for
accurate measurements and for measurements of small loads.)

The New Finger Desi_

Foreseen is a rotating front section (second digi0 as can be seen in Figure 6-5. Depending on
the orientation of the claw, there are four possible clamping options:

(i)Small object clamping. This orientation allows closing the claws to a near zero center
opening gap. Protruding (sharp tip) front ends allow access to recessed parts in small
areas. The claw arrangement can be compared to a lathe chuck. Its use is for holding

small, round parts in the axial direction.

(2) Large object clamping. By rotating the front section 90" from the above orientation,
large face clamping surfaces are facing inward to grasp large size objects.

(3) Concave surfaces. Rotating the front section another 90* aligns concave surfaces that

work better for clamping spherical parts or cylinders in a sideways orientation where

one opposing pair of claws will do the clamping.

(4) In addition to using the second digit as clamping claw, the whole finger can be used to
hold an object with at least two contact points per finger.

A glove-type finger controller (to be described in Section 6.3.4) should be used to control the
four independent fingers with two DOF each. In addition, the thumb can control gripper
opening adjustment and forward motion. The lateral knuckle joints would be used for
compliance control in the rate control mode. A control function that moves all four fingers or
two opposing fingers simultaneously will also be provided.

Due to different control modes and non-conforming shape between master and slave, additional

control devices, such as joysticks, will be needed so that the most efficient control mode can be

chosen for each operation. Centering operations which align opposing claw pairs can best be
done with a joystick or even automated if the necessary sensing is provided. It should be
noted: The control of this hand could prove to be extremely complicated!

Other important design considerations are:

• Compliance.

• Modularity in design.

• Rotating finger linkages with different clamping surfaces for multifunctional grasping.

• RMS EE compatible adapter (grapple fixture) on back side, or direct mounting to the

RMS force/torque sensor.

6-18



• Needs no exchange mechanism if used directly on the RMS or any other arm.

• Needs no arm.

• Has clamping force and proximity sensing.

• Can incorporate forward-looking vision (fiber optic camera head or proximity sensors)
in the center axis of the gripper.

• Forward facing tools, especially rotational devices, can be handled better.

• Some centering and fine adjustment capabilities

• Strong clamping capabilities.

• Two to four finger operations possible.

• Bulky, large size.

• No full limber arm control due to lack of wrist.

• The hand has no manipulative capabilities.

• Requires complex hand design.

• No wrist sensor, the RMS force/torque sensor is used.

• May obstruct the global vision system.

• Overload release mechanism.

• Consistent with automation.

• In a two arm configuration, the EE could be used together with a dexterous hand.

• As an RMS EE, the cylindrical shell containing the f'mger packages could serve as
mounting platforms for a set of two anthropomoq_hic arms that would do the EVA

work where this EE would hold the bulk load (i.e., satellite) in combined operations.

6.3.4 The Anthropomorphic Hand

The general features of the anthropomorphic hand include (Figure 6-6):

• Proportional to human hand, with fingernails, four-DOF fingers including two-DOF
knuckle joints, a four-DOF thumb, palm, three-DOF wrist, and elbow.

• Active mechanical compliance at nearly every joint.
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• Joints can be sealed to keep contaminants out.

• Modular finger packages.

• Exchangeable fingertips with exchange operation done by the other hand.

• Finger packages developed for left- or right-hand thumb compatibility so that a left
hand can be built from the same finger packages.

• Thumb can be rotated out so that an open hand configuration is formed.

• Finger actuation located in forearm.

• Wrist actuators near the elbow for weight balance.

• Each joint is directly controlled by one motor alone with no coupling to other drives.
Thus, the hand can be directly operated (joint to joint) from the glove controller,
without the need for significant time delaying computer computations and coordinate

transformations.

• Clamping force is adjustable.

• Overload release mechanisms at every joint.

• Sensors located throughout the hand.

• Can bring a camera and lights to the working area and orient them properly for close-up

inspection even when the other hand performs other tasks.

Th_ Controller

The glove-type hand controller is an integral part of the dexterous hand development, to be
used for direct control in teleoperation mode, and as a computer input device. Preliminary
evaluations have shown the feasibility of this type of device. The capability to direct a
dexterous hand to the finger joint level and receive feedback at each finger would certainly be
considered a hand control breakthrough. Features of the controller include:

• Glove-type slip-on device for short set-up times.

• Resolution to the finger joint level with control capabilities of up to 23 DOF (including

wrist) simultaneously.

• Position sensing at each finger joint.

• Force input sensing for compliance control.

• Position feedback to most joints.

• Tactile feedback of one point per link.
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• Haseasyto understandfeedbackright in thehar_d,notdistractingtheoperator's
attentionto thevisionfeedbacksystem.

• Three-DOFwrist positionsensing.

• Wrist positionfeedback.

• Arm motionsensingharnesscanbeattached.

• Thewholecontrolgloveandharnessanditscomputercontrolwill requirevery little
volumein thespaceshuttleflight deck. '

Someadvantagesof thismaster/slavearrangementarehighlightedbelow:

° Dexterous,manipulativecapabilities.

° Toolpick upandorientingcapabilities.

• Can use off the shelf tools.

• Can "hug" objects rather than just rely on clamping forces.

• Can reach into smaller spaces.

• Can exchange fingertips using a second hand of the same type.

• Can grasp objects in different modes.

• No prior shape detection required.

• Has multiple levels of operation: fingernails, finger(s), palm, ann surface, two-armed
operations.

° Off-line repair possible with exchangeable packages.

• On-line exchange of individual finger packages with the other hand may prove feasible.

• Spare f'mge r packages will be available.

• Hybrid control of force or position.

• Compliant force control with adjustable strength might allow very delicate tasks such as
cleaning telescope mirrors.

• The capability to loosen up on joint stiffness will provide the necessary looseness to
align a slightly misaligned part to its mate, thus enabling assembly operations.

• Arm compliance enables two-handed operations.
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• Clampingforcecanbemaintainedindefinitelywithoutadditionalpowersupplydueto
thespringloadedandself-lockingmechanisms.

° Directteleoperationcontrol.

• Humanfactorednaturalcontrolin whichtheoperatorsimplyperformsthemotion.

° Humanbraincaneasilyrelateto thisshapefor control.

• Reducedoperationlearningtimerequired.

• Glovecanbeusedin teachingmodeto teachthecontrollerbasicmotionsto berecalled
byvoicecommands.

• Automationfeasible.

Theproposedhandwouldhaveathumbandthreefingerssinceanalysesshowedthattwo
fingerscando roughly40%of all handtasks,threefingers90%,andfour fingers99% [21].
This showsthataddingthelittle fingerwouldnotcontributemuch.

Au_Qmation

Automation features for routine tasks and selected advanced hand operations will be built into

the controller to enhance the system's capabilities.

Preprom'ammed sequences (robotic tasksZ The hand-arm controller allows recording of
manipulator motions in a simple, fast, and user-friendly fashion. The hand's feedback
enables one to monitor the repetitive autonomous manipulator motions and allows some
corrective action.

Automation aids (canned hand motionsZ The glove serves as a teaching device to teach the

controller complex hand motions or small sequences of motions. Executing those
functions could be through voice commands with, for example, nouns and modifiers

(see Table 6-1).

Automated tasks. Compliance will open the way for automating many hand functions.
The most obvious is that the hand can be commanded to close over an object and will

align itself to the shape of the object through its fingers and to the orientation of large
objects through wrist and arm compliance. Programming for grappling is thus
minimized and greatly simplified since the controller reads the configuration of its

manipulators through its sensors rather than aligning them through very extensive

programming efforts.
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Noun Modifier I Modifier lI

Mode
Control

Hand

Thumb
Joint #

Manual function, sequence
Position
Force

Close, clamp, pinch
Grab object, align
Move, scan
Rotate

Start, reset, correct
Touch, hold, release
Strength increase/decrease
Clamping force
Sphere, cylinder, fiat surface
Direction, distance, over surface
Direction, amount

Sample Command Sequences

Table 6-1

0

0

.....a

Figure 6-6. Anthropomorphic Hand

6.3.5 Dexterous Hand (Simplified Anthropomorphic Hm_d)

The space shuttle has an immediate need for an EE to handle loads without having to resort to
the cumbersome grapple fixture. The dexterous hand (DH) alternative is presented as an
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intermediateendeffectorwith someof thecharacteristicsof theanthropomorphichand.

Thedexteroushandusesasimplifiedanthropomorphichandwith only two fingerswith two
DOFeach,thef'mgersbeingof asimplerdesignandhavingnomanipulativecapabilities.The
thumbwill havethreeor fourDOF; it hasmanipulativecapabilitiesandcanmoveoutof the
way to form anopenEE. Thepalmandthethree-DOFwrist will remainasbefore.Thehand
will bemountedon asupportsystemsimilar to thatof theendeffectorwith four fingersin
circulararrangement;this includesaxialmotioncapabilitiesandthusneeds
develot_ment. The DH in essence is a combination of a simplified anthropomorphic hand

mounted on the support of the four-fingered hand.

The general advantages are as follows:

• Quicker implementation possibilities; further, the EE needs no arm development.

° It has full limber arm control capabilities similar to the currently practiced RMS

grappling procedure for safe load handling. This makes it ideal for use with the RMS.

• The development is an intermediate step between the current smart hand and the more

capable anthropomorphic hand. With this DH, invaluable experiences on earth and in
space could be gained in an early experiment; its evaluation would aid the subsequent
construction of the anthropomorphic hand.

There are also some distinct advantages over the circularly arranged hand:

° It has a wrist, allowing much greater flexibility Which is essential for operations with

the 50-foot RMS arm as well as for aligning and working in constrained spaces.

° The hand is still proportional to the human hand and can thus be directly controlled
through the glove controller. Thus, it does not have the control problems of the four

fingers in circular arrangement.

• It has some dexterity, allowing more complex operations than just clamping objects. It
could be a supplementary EE for the RMS where the current EE handles the big loads,

the DH, smaller ones.

The hand is depicted in Figure 6-7. It has most of the functions described in the previous
section, including compliance. There are up tO 13 DOF: the two fingers have two DOF each,
the thumb, three or four. The wrist has three DOF and the hand assembly can also translate in
the axial direction. Fine adjust movements for sidewise or up and down motions can also be

provided, adding two more DOF.

The controller is the same as for the anthropomorphic hand, but with additional features

controlling the translational motions.
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SECTION 7

EVALUATION OF ALTERNATIVE DESIGNS

Due to the disparate requirements for end effector systems intended primarily for fine manipulations

or gross load handling, we have chosen to perform two evaluations. The frrst evaluation, called
EVA Substitution," considers alternative end effectors intended to perform tasks otherwise

requiring EVA. These EEs would require an appropriately scaled manipulator arm. The second
evaluation looks at end effector configurations that can be used with the RMS arm.

7.1 EVALUATION MODEL

For both evaluations we have employed a simplified multi-attribute value model, sometimes called a
"relevance tree." The evaluation criteria for the two evaluations are listed in Figures 7-1 and 7-2,
accompanying sections 7.2 and 7.3.

Each of the major evaluation categories has been assigned an appropriate weight representing its
overall importance. In weighting the categories, we have placed heavy emphasis on performance
(the Function Performance and Task Performance categories combined have a 50% share of total
weight). This is consistent with the intent to have teleoperators and telerobots substitute for EVA.

Factors related to performance quality have been grouped together as "System Attributes" and given
the next highest weight (20%). The other categories are Useability, Robustness/Complexity, and
Development Cycle Factors, which have a total combined weight of 30%.

Each criterion within a major category has been assign_ equal weight, representing'equal

importance. A value scale, ranging from 0 to 4, has been defined to evaluate the alternatives against
the criteria (see Table 7-1). The values within a category are summed and normalized. The overall
rating of a particular end effector is the sum of each normalized category value times its
corresponding weight factor.

4 Excellent

3 Good

2 Fair

1 Poor

0 None, no capability

Generic Evaluation Scale

Table 7-1
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TherelevancetreemodelhasbeenchosenasappropriatebecausethealternativeEEsystemshave
beendefinedonly at aconceptuallevel. Theuncertaintiesinherentin theevaluationof conceptual
designsdoesnotwarranttheadditionalcomplexitiesof amorerigorous model. A more complex
model would simply cloak the evaluation results in an illusion of precision.

7.2 EVA SUBSTITUTION EVALUATION

The categories and evaluation criteria for the EVA substitution evaluation are listed in Figure 7-1.

7.2.1 Description of End Effectors to be Evaluated

The alternatives to be evaluated are summarized in Table 7-2. These have been pre-selected as
representative of the discussion in Section 6. The evaluation of the EVA substitution end effectors

assumes that each is mounted on a manipulator arm of approximately 3 to 6 feet in length. The
alternatives are described briefly below:

(1) Improved OMV Hand and Variants (OMV)

OMV-A. The basic model considered here is the single-DOF smart hand with intermeshing
claws that is currently under development at JPL. The hand has a force/torque sensor at the
base and proximity sensors in the claws or "fingers." We also assume manually
exchangeable fingers which incorporate some sensors (e.g., proximity sensors).

OMV-B. The first variation on this design is the addition of manual (astronaut) exchange
capability to the basic model. The evaluation assumes there would be three EEs available;

one would be equivalent to the OMV-A, with one smaller and one larger.

OMV-C. The second variant upgrades manual exchange to automatic exchange capability.
We have assumed five EEs for this option. Three EEs correspond to those for OMV-B,

namely intermeshing claws of various sizes. The remaining two EEs are special purpose
devices for such tasks as soldering and polishing.

Each of the exchangeable designs allows for replacement of failed units and development of
similar but complementary EEs. Multiple end effectors require stowage facilities for the EEs
not in immediate use, thus increasing system volume and mass.

(2) Two Opposing Fingers with Muiti-DOF (2F)

The models in this category have five DOF. Both have two fingers, each with two DOF.
The fifth DOF is in the form of linear lateral translation at the base of the EE; this provides for
changing the overall distance between the two fingers. Force/torque sensing can be included
in this design. Each design permits manually-attached fingertip add-ons.
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EVASubstitutionEndEffectors
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Figure 7-1. EVA Substitution End Eftectors Evaluation Criteria
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2F-I. The first version has intermeshing claws at the ends of the finger packages, which

allow for proximity sensing, similar to those in the OMV hands.

2F-R. The second model instead has rotating claws on the finger packages, as used in 4F.

Proximity sensing can be incorporated as well.

(3) Four Fingers in Circular Arrangement (4F)

4F. This design possesses 10 or more DOF: two DOF for each of the four f'mgers, one
linear DOF for forward position adjustments, plus one DOF for combined claw opening

adjustment in the radial direction. Additionally, wrist rotations could be considered. The EE
relies on finger packages with rotating claws, for which manual fingertip add-ons are
feasible. Force/torque and proximity sensors are feasible, as in the other designs. The center

of the gripper could accommodate a fiber optics camera front-end.

(4) Anthropomorphic Hand (AH)

AH. The anthropomophic hand is very similar in configuration to a human hand. The hand
to be evaluated has three fingers and a thumb. To incorporate the actuators, this "hand"
extends to the elbow, and includes a total of 20 active joints (four in each finger and thumb,
three in the wrist, one in the elbow), plus compliance control. The hand has force, position,

compliance, and several single-point tactile sensors. Assuming the existence of a second
arm-hand arrangement, the hand supports teleoperated fingertip exchanges.

Alternative

Designation Base Design Options

OMV-A

OMV-B

OMV-C

2F-I

2F-R

4F

AH

Improved OMV Hand

Improved OMV Hand

Improved OMV Hand

2 Opposing Fingers, Multi-DOF

2 Opposing Fingers, Multi-DOF

Four Fingers, Circular Configuration

Anthropomorphic Hand

Manual EE exchange
(with 3 end effectors available)

Automatic EE exchange
(with 5 end effectors available)

Intermeshing claws

Rotating claws

Summary of End Effector Alternatives - EVA Substitution

Table 7-2
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7.2.2 EVA Substitution Results

The values found for each EE criterion are listed in the tables in Appendix B. The evaluation results
are summarized in Table 7-3.

The anthropomorphic hand (AH), with an index of 2.70, is by far the highest ranked alternative.
Table 7-3 shows that this hand is strongest in just those areas of the greatest importance: function
performance, task performance, and system attributes.

O
=m

x._

0
ol

0

Function Performance 0.25

Task Performance

System Attributes

Useability

OMV Hands

Robustness/Complexity

0MV-A 0MV-B

1.13 1.47

Development Cycle
Factors

0.89 1.11

Overall Rating

Y.,weight x value:

0.20 1.30 1.90

0.12 3.20 1.40

0.12 2.80 2.60

0.06 3.20 2.40

Alternatives

O_v_-C

1.73

1.44

1.80

2.20

1.00

1.20

Two Opposing
Fingers

2F-I 2F-R

1.33 . 1.47

1.33 1.56

2.00 2.20

2.20 2.20

2.00 2.00

2.20 2.20

Four

Fingers

Anthro-

pomorphic

4F AH

1.87 2.87

1.78

2.40

2.40

1.80

1.80

2.67

3.20

3.00

1.60

2.00

1.68 1.65 1.61 1.70 1.83 2.00 2.70

EVA Substitution End Effectors - Evaluation Summary

Table 7-3
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Sincethisendeffectorevaluationwasgearedto substitutionfor EVA, theauthorsperformeda
roughrankingof anEVA astronautusingthesameevaluationmodel. Theevaluationwas
necessarilyrough,sincemanyof thecriteria cannot be applied directly to an astronaut. In several
cases the evaluation scale was extended to 5 to encompass a human being's additional capabilities.

The hypothetical astronaut's rating was 3.8; this places an astronaut roughly as far above the
anthropomorphic hand as the anthropomorphic hand is above the current state-of-the-art smart
hand. This is not surprising, considering the astronaut's integrated control and sensor systems, and
general adaptability. Noteworthy, however, is the fact that two-thirds of the functional capability
gap between the current technology and human EVA capability can be closed by a single
development effort, by producing an anthropomorphic hand.

These results will be discussed further in Section 8.

7.3 RMS END EFFECTOR EVALUATION

The categories and evaluation criteria for the RMS configured EEs evaluation are listed in
Figure 7-2.

7.3.1 Description of End Effector Configurations to be Evaluated

The end effector (and arm) designs evaluated below have been selected as potentially effective when
configured with the RMS manipulator arm. Most of the alternatives discussed in the EVA
substitution evaluation are inappropriate for use with the RMS in their original form. Some have
been modified for inclusion in this evaluation.

Note that the first end effector (STD) is the currently used RMS EE. As such, it automatically ranks
quite high in the "Development Cycle Factors" category, since the develoment cycle is already
complete. This has a tendency to inflate the overall rating of this alternative relative to the proposed
options.

Each of the designs that are grappled by the RMS standard EE is mounted on the RMS grapple
f'Lxture and is assumed to receive power and communicate through the Special Purpose End Effector
electrical connector. We have assumed that mating and demating of the electrical connectors are
reliable operations.

The five RMS configured alternatives are listed in Table 7-4, and described in the following
paragraphs:

(1) Existing RMS End Effector with Force/Torque Sensor (STD)

This design is the current Standard End Effector in use on the space shuttle RMS. We have
assumed that it has been outfitted with the JPL wrist-located force/torque sensor (currently
scheduled for flight testing in 1991). This EE was not designed to be multifunctional; its
sole purpose is to grasp a specially-designed grapple fbcture that has been previously
mounted on satellites, astronaut restraints, etc. However, it is the only existing teleoperator
end effector for space operations.
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(2) Four Fingers,Grappled by Existing End Effector (STD+4F)

This is essentially the "Four Fingers in Circular Arrangement" option. Its design includes an
RMS grapple fixture on the back of the end effector mounting plate. The EE is exchangeable
in the sense that it can be picked up by the RMS end effector (STD), used as an extension of
the RMS, and then set down. This EE may rely on the JPL force/torque sensor at the RMS
wrist for force/torque feedback.

(3) Anthropomorphic Manipulator Arms, Grappled by Existing End Effector
(STD+2AH)

This design builds on the anthropomorphic hand (AH) design up to the elbow and adds
upper arms with three-DOF shoulders. Two symmetrical hand/arms are mounted onto an
RMS grapple fixture from the back of the shoulders. The entire arrangement is grasped by
the RMS end effector (STD).

(4) Dexterous Hand, Grappled by Existing End Effector (DH)

This hand consists of a simplified AH mounted on the support of the 4F hand which in turn
is mounted to a grapple fixture that is grasped by the RMS EE.

(5) Four Fingers plus Anthropomorphic Manipulator Arms (4F+2AH)

The Four Finger End Effector just described in (2) is combined with two anthropomorphic
hand/arms. In this arrangement, the Four Finger EE can hold an object in place while the
anthropomorphic hands manipulate the object.

Alternative

Designation Description

STD

STD+4F

STD+2AH

DH

4F+2AH

Existing RMS End Effector with force/torque sensor

Four Fingers, grappled by existing EE

Anthropomorphic Manipulator Arms, grappled
by existing EE

Dexterous Hand, grappled by existing EE

Four Fingers plus Anthropomorphic Manipulator Arms

Summary of End Effector Alternatives - RMS Configuration

Table 7-4.
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7.3.2 RMS Results

Thevaluesfoundfor eachcriterionareshownin thetablesin AppendixB. Theresultsare
summarizedin Table7-5.

Thealternativebuilt of threeendeffectors,oneof four fingerscircularly arrangedandtwoof
anthropomorphicdesign(4F+2AH),wasratedmosthighly. As with theEVA substitution
evaluation,thisoptionwasstrongestinperformanceandweakestin reliability anddevelopment
areas.

Theratingsof all RMSconfiguredendeffectorsareshowninTable7-5. NotethatthecurrentRMS
endeffectorhasthegreatestrobustnessandhighestdevelopmentcyclerating. Thesestrengthsarise
from thefact thattheeffectoris alreadyextant(introducingabiasin its rating),andfrom arelative
simplicityof designthatresultsin the lowestperformancerating.

Theresultsof theevaluationwill beinterpreted,andrecommendationsmade,in Section8.
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RMS Configured End Effectors - Evaluation Summary

Table 7-5
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SECTION 8

EVALUATION INTERPRETATION AND RECOMMENDATIONS

8.1 INTERPRETATION OF EVALUATION RESULTS

8.1.1 EVA Substitution

The anthropomorphic hand has been evaluated as the best EE system for EVA substitution. It
is the most complex of the EEs, but also the most functionally capable. The anthropomorphic
hand is the only alternative suggested that possesses full manipulative capability, which is

mandatory for completing EVA tasks in realistic time frames. Clearly, an end effector that
moves like a human hand, and can be controlled by analogous motions of a human hand, is

likely to be well-equipped to do the work of a hum,m hand.

Conclusions pertinent to this hand are:

• A dexterous hand is needed in order to perform EVA tasks. The AH and DH hands are

the only alternatives evaluated that can be classified as dexterous hands. Other
dexterous EEs can be imagined and will come into existence once AI control is

developed. They will have a comparable mlmber of DOF, but are without the built-in
human control simplification of the anthropomorphic and simplified anthropomorphic
hands.

• The anthropomorphic and simplified anthropomorphic hands are the only
configurations capable of advanced manipulations that are inherently consistent with the
glove-type controller. The glove controller will be adaptable to other dexterous hand
designs, but this will require additional development effort.

• Even though much effort is undertaken to control common EEs through advanced
computer methods and AI, those methods are still years away from controlling even
simple tasks, whereas contingency operations will have to be controlled by a human in
the control loop for an even longer time. Thus, the AH is currently the only real choice
for advanced manipulations: having an AH where the operator simply performs the
desired motion manually is bringing the state-of-the-art of man-machine interfaces and

teleoperafions to a never-before-achieved level. Limited and canned automation tasks
are aided by the built-in compliance control and the glove as a control input device.
Other automation features can always be incorporated into the hand as they become

available.

• The AH scored consistently higher than the other hands in all major categories, clearly

demonstrating its capabilities beyond the mere clamping and grasping of objects.

• The anthropomorphic hand combines what would otherwise be several EE
constructions into one development. Thus, this design is more capable and should be
more economical and cost effective in the long run than the alternative of developing

exchangeable end effectors, and their auxiliary equipment.

• Tool usage through the AH will further enhance the hand's overall capabilities.
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General conclusions from the analysis of EVA substitution evaluation include:

• Two-fingered hands rated the lowest which shows that they are not sophisticated
enough for multifunctional EVA tasks.

The f'mal score clearly reveals that exchangeable EEs or any exchangeable parts are just
not worth the effort. The more sophisticated hands will have the capabilities to handle
special purpose equipment without exchangeability needs.

Very critical are the aligning and grappling capabilities, calling for a combination of the
following elements: good wrist motion capabilities, an arm that is appropriate to the
EE, compliance, and dexterity.

The 4F hand has some advanced functions and task capabilities well above the

two-fingered hands and could be utilized well in a variety of special tasks. Its overall
rating is second, behind the AH. It certainly warrants further consideration.

Several multi-DOF dexterous fingers together with compliance clearly enhance
multifunctional capabilities. Current robots are limited to pick and place operations
because of the limitations of their EEs. The above mentioned attributes could break
through this barrier!

Employing telerobots will be necessary for EVA activities and space station work in the 90s,
which in turn depends on the availability of a space robot hand capable of EVA activities. It is

therefore essential that the EVA capable anthropomorphic manipulator is developed now since
its deployment will require several years of development effort. It will then be available and
reacty mr use in the 90s, during early space station operations.

A word of caution: It would be very foolish to seek a simpler solution than the best one due to

fiscal and time constraints. Reality would soon reveal that a simpler hand is not capable of
achieving its intended purpose, could not bring relief for EVA operations, and might be so
cumbersome to use that nobody would want to take it into space. This would mean that much

of the effort and its fundings would be wasted and new grants would have to be provided to do
whatshouldhave.be. n .ne inth..et' t place.Westronglyrecommendtakingtheextrastep
neectect to create me nanct mat will do the work. Its development already pays off by not
having to develop all the auxiliary equipment needed with simpler hands.

8.1.2 RMS Configuration

The highest rated alternative (4F+2AH) among the RMS configured end effector systems
actually has three EEs. It includes two anthropomorphic manipulator arms for fine

manipulations, and a four-fingered hand in circular arrangement for less dexterous gripping
tasks. The 4F EE attaches to the RMS or might be on a separate arm where all three EEs

mount on a baseplate that attaches to the grapple fixture. This combination has many of the
characteristics of the smart front end proposed for the OMV. This is not surprising,
considering the similarity in tasks to be performed and the constraints imposed by the RMS.
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Thisalternativeallowsobjectsto begrappled(bywhatevercombinationof thethreeend
effectorsis appropriate).A grappledobjectcanthenberigidizedto thework siteby the
non-anthropomorphicEE,sothattheanthropomorphicarmscanperformprecisionoperations
on theobjectwithout significantconcernfor thedynamicsof the50-footRMS. Thetwo
anthropomorphicarmscanworkcooperatively,carryingout tasksotherwiseinfeasible.

Thisalternative(orevenafurtherextensionto four anthropomorphicarms)canbeviewedas
anoutgrowthof theanthropomorphichand,providingtheenvironmentin which thehandcan
bestperformEVA substitutiontasks.As such,the"alternativeis quitecomplex,andwedonot
envisionit astheinitial incarnationof ananthropomorphicEE system.

An earlyexperimentcouldbedonewith eitherthefull AH or thesimplifiedAH asdescribed
underthedexteroushand(DH). It wouldpushthestate-of-the-artof dexteroushand
capabilities,provideanearlyexperiment,andtheevaluationof it couldsignificantlyimprove
thefull anthropomorphicarmdevelopment.

Amongthegeneralconclusionsfrom theRMSEEevaluationsare:

• ThestandardRMSEE'sstrengthslie in its capabilitiesto handlebig loads.

• An EE capable of precise small load handling is needed but must be built on an arm
comparable in size to the new EE. Manipulating the 50-foot RMS arm into place for
accurate operations or in constrained space is impossible.

• Even though an RMS-size EE need not necessarily be a manipulative type arm for
payload handling, the evaluation shows that the 4F non-manipulative hand does not
have the functional and task capability needed for tasks beyond pick and place

operations. Its weaknesses and strengths greatly overlap the STD RMS EE and will
not add many new capabilities. An EVA astronaut would be needed to assist in almost

every operation!

• The DH, even though equal in the final score to the 4F hand and considered an
intermediate development, has some distinct advantages that make it clearly superior: it
has better limber arm control, better alignment and control capabilities and even some

manipulative capabilities because of its wrist, human shape, and the dexterous thumb.

• A definite increase in capabilities clearly occurs in all major scores if a second EE is

used. Obviously, two hands can do more than one; third or fourth EEs can serve as
holders or as vises.

8.2 DEVELOPMENT APPROACH

Finger Packages: The preceding analyses and evaluations revealed that both the EVA
substitution as well as the RMS configurable front end require more advanced general purpose

EEs of very similar configuration: their core will be self-contained finger package units,

complete with actuators, compliance control, local sensing, and electronics. With these
modular packages, different hand configurations can be formed, the packages can be



exchangedin thefield and,dueto largelyoverlappingdevelopmentefforts,theoncedesigned
fingerpackagecaneasilybereconfiguredfor subsequenthandconstructions,especiallywhere
theelectronicdesignis concerned.It is thereforeimperativein theshorttermaswell asfor
longrangeplanningthata thoroughlydesignedfingerpackagewith theabovedescribed
characteristicsbedevelopedandtested.Theeconomicadvantagesof thisapproachare
substantialsincebothdexteroushandsaswell asbulk loadEEsareneededandwill springoff
from thiscoredesignin theform of modifiedfingerpackages.

AnthropomorphicHand: Theevaluationprovedthattheanthropomorphicmanipulatorarmis
superiorin taskhandlingsbothasanEVA substituteandon theRMS. It is thusstrongly

recommendedasthenextdevelopmentitemin eitherthesimplifiedform first or asfull
anthropomorphicmanipulator.

Developingthe4F handprior to theAH is absolutelyinappropriatesinceeventhemost
sophisticatedcapabilitiesthatcouldbebuilt into thishandwouldbenullified by theRMS
50-footarm'sinability to properlymoveintopositionanddo thenecessaryfine adjustments
neededfor grapplings.This EEconfigurationcouldperformonly themostprimitive tasksin
its stand-aloneconfigurationon theRMSEE. It needseitheranarmbyitself and/orthe
anthropomorphicmanipulatorsto guidealigningandgrappling. (NotethattheDH hasatleast
a wrist to fineadjust.) Besides,therearethecontrolproblemsof the4Fhanddueto mutating
master-slaveconfigurationsthatwould requirefurtherinvestigationprior to thedesignphase.

Thus,thedevelopmentis suggestedasfollows:

(1)

(2)

(3)

(4)

(5)

(6)

(7)

(8)

(9)

Selection of either the full AH or the simplified version must be made.

Develop design for finger and thumb packages tailored to AH chosen.

Develop the glove controller.

Design electronics in modular form for individual f'mger packages for teleoperation
mode with automation features to be added later.

Choose to build either the support system described in DH, or the upper arm of the

AH. If the upper arm of the AH is chosen for development, a corresponding master
arm would need to be built as well.

Develop flight hardware for an early flight experiment with the DH or go to Step 7.

Develop flight hardware for an AH with a cooperating dual arm/hand anthropomorphic
manipulator system to conduct an advanced flight experiment.

Implement automation features.

Determine future developments to construct a telerobotic space servicer.

Time Schedule. The development effort of Steps (1) to (5), leading to a prototype
master/slave arm-hand system will take approximately three years to complete. One year must
be allocated to test, evaluate, and modify the base technology items. It should then be possible
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to carryouta simpleflight experiment(Step6) within threeyearsfollowing thetestphaseof
theprototype.An advancedflight experimentasde:scribedin Step(7) will requiretwo more
yearsfor duplicatingthearm-handsystemandto gainconfidencein operatingacooperating
dualarmteleoperator.

8.2.1 ConceptualDesignof RecommendedCoreqechnologyDevelopment

Basedon theevaluationin thisreport,thefollowingchoicesweremadefor coretechnology
developmentfor FYs 1988-90:

An anthropomorphicfour-fingerhandwith its fingerpackagesandwristactuation
extendingto theelbow,havingatotalof 19activejoints (includingwrist).

• An elbowjoint specificallydesignedto accoqmaodatetheanthropomorphichand.

° A three-DOFshoulderjoint to completetheanthropomorphicseven-DOFarm.

A mastercontroller,consistingof anexoskeletonarmcontrollerandaglove
controller. Themasterarmhasatotalof 23DOF.

ThefoUowingfiguresshowtheanthropomorphica:_'m-handconcept.Figures8.2-5showthe
teleoperatorsystemin its subsequentexpandedversionasadualarm-handsystemadaptedfor
spaceshuttleusage.
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SECTION 9

SUMMARY

Over the next decade, operations in space will become more common, less extensively
simulated and rehearsed, and of significantly greater diversity.

Increasingly common space missions will include inspection, servicing, and repair of space
station systems and satellites in both low earth orbits and geosynchronous orbits. Additional
operations will involve assembly and construction of large space structures, and handling of
unplanned contingencies.

A reliance solely on EVA astronauts would severely limit the range of possible missions for
reasons of accessibility, safety, and availability. The overhead associated with life support will
limit access by human beings to structures in geosynchronous orbit. Many tasks would put a
space-suited astronaut in a state of unacceptable risk:. The number of astronauts available for
all missions will be very few. The capability is needed to extend the reach of humans working

in space.

These types of tasks must depend heavily on teleoperators and semi-autonomous telerobots in
order to be practical. Use of teleoperators and telerobots will allow for the best combination of
men and machines to achieve the greatest flexibility in carrying out myriad space-based tasks.

The principal goal in the development of teleoperators and telerobots is to provide the
equivalent functional capability of an EVA astronaut. A major barrier to achieving this
equivalency is the current state-of-the-art of robotic end effectors; the end effector is the
"hand" at the end of a teleroperator arm. Current robotic end effectors are generally
two-clawed grippers with none of the manipulative capability inherent in the human hand.
Improvements in end effector system dexterity are clearly essential for teleoperators and
telerobots to substitute for EVA astronauts in space tasks.

We have defined the functional requirements for maltifunctional space end effectors. The

capabilities of EVA astronauts were used as the basis for the end effector functional
requirements. The end effector must be small enough to reach into areas an astronaut's gloved
hand can access, strong enough to apply controlled forces up to 30 lb and an instantaneous
force of 36 lb, and compliant enough to avoid damage to itself or objects in the workplace.
The end effector must incorporate the appropriate combination of sensors, which may include
those for vision, force/torque, grasp, tactile, temperature, proximity, position, and motion

sensing.

The end effector system (consisting of the end effector and the tools it uses), in addition to its
functional capability, must be robust in design, adapted to the human operator, and consistent
with sensory and control needs. It must be modular in design, relatively insensitive to its
hostile environment, and safe. Further, it must be _u:laptable to increasing levels of automation
and autonomous control.
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Thesefunctionalandotheroverall systemrequirementsnotonly impactthedesignof theend
effectoritself, butalsotheentireteleoperatorsystemof which it is apart. Endeffectordesign
influencesthecontrolstation,informationprocessing,andtoolandequipmentstowage
subsystems.

Thejob theendeffectormustdo influencesthedesignandconfigurationof themechanicalarm
thatholdsit. Thearmmustbeof appropriatesize,mass,andhaveenoughdegrees-of-freedom
to supporttheoptimalperformanceof theendeffector.For EVA substitution,thearm
(excludingtheendeffectoritself) shouldbeapproximately3 to 6 feetin length;it should
possessatleastsevenDOFsoasto beableto reacharoundobstructions.The useof two or
morearmsis suggestedfor multiplereasons:symmetricarm(left- andfight-handed)
cooperativemanipulations,improvedbulk loadhandling,self-replacementof failedend
effectors,andgrapplingandrigidizingat theworksite.

Threecategoriesof possibleendeffectorshavebeendeemed:single-DOFhands,multi-DOF
hands,andanthropomorphichands.Proposedendeffectorconceptswithin thesecategoriesinclude:

(1) ImprovedOMV SmartHand. Thisone-DOFendeffectorconsistsof intermeshing
claws,with manualexchangeof theclaws. Theendeffectormaybedesignedfor
completemanualor automaticexchangecapability.

(2) Two Opposing Fingers with Multi-DOF. Each f'mger has two DOF. Alternate

designs have either intermeshing claws or rotating claws with multiple contact
surfaces for holding objects.

(3) Four Fingers in Circular Arrangement. The four f'mgers have rotating claws and a
total of two DOF each. The four fingers allow for grasping of objects in multiple
orientations.

(4) Anthropomorphic Hand. The anthropomorphic design has three fingers, a thumb,
and a three-DOF wrist for a total of 19 active joints.

(5) Dexterous Hand (Simplified Anthropomorphic Hand). This hand has most of the

characteristics of the anthropomorphic hand, but is mounted on a simple base
support. It is therefore appropriate for use with the current shuttle remote
manipulator system (RMS), without needing development of its own arm.

Options 1-4 were compared for their appropriateness in EVA substitution situations. The

evaluation considered six major categories (function performance, task performance, system
attributes, useability, robustness/complexity, and development cycle factors), each including
several criteria. The anthropomorphic hand rated best of the alternatives, due to its far superior
functional capability. It is the only one of the alternatives with the ability to manipulate objects,
rather than merely clamp them.

A second evaluation considered configurations of options 3-5 and the current RMS end effector
that would be appropriate for mounting on the 50-foot RMS. The same six categories used for

the first comparison were applied to this RMS configuration evaluation with some changes to
the specific criteria due to the lower precision of tasks performable with the RMS. The highest
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ratedalternativein thiscasewasacombinationof twosymmetricanthropomorphicarms(left-
andright-handed)with thefour fingersincircularairangementasagrapplingendeffector.
Thisalternativemayalsobesimilarto theproposed"SmartFrontEnd"for theOrbital
ManeuveringVehicle.

An evolutionarydevelopmentapproachhasbeensuggestedthatwill leadto the
anthropomorphichand,with its associatedarm,glove-typehandcontroller,andmasterarm
controller. Theapproachemphasizesdevelopmentof modularfingerpackages,whichare
similarfor boththeanthropomorphichand,andthecircularlyarrangedendeffector. Flight
experimentswith endeffectorspracticalfor EVA substitutionareenvisionedasfeasiblewithin
six yearsof thestartof thedevelopmenteffort.

Thereportendswith theconceptualdesignof theanthropomorphicarm-handsystemthatis
recommendedfor thecoretechnologydevelopmenteffort for 1988-90.
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A.1

APPENDIX A

EVA TASKS, TOOLS, AND EQUIPMENT

EVA TASKS PERFORMED TO DATE

Stow/unstow equipment and tools

Use hand tools and power tools

Remove/install threaded connectors
- 3/4" hex bolts
- hex allen screws
- shrouded screwdriver screws

Mate/demate D-connectors

Grasp: screws, grommets, washers, knobs_ tape,
handrails, restraints, closeouts, OR Us, etc.

Fold, wrap, and tape thermal blankets

Flip switches, turn knobs

Use MST (Module Servicing Tool)

Rendezvous and dock with satellites

De-spin, spin, and grapple satellites

Mate/demate umbilicals
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A.2 EVA TOOLS AND EQUIPMENT [22]

Screwdriver (shrouded)

Probe

namn3er

Forceps

Power Tools

EVA Power Tool (screwdriver/wrench)
MST (Module Servicing Tool)

Wrenches/Pliers

Adjustable wrench

Vise grips
Lever wrench
Allen wrench w/movable sleeve

Open-end wrench (1/2-inch)
Ratcheting box wrench (1/2-inch)
Ratchet drive (3/8-inch)
EVA ratchet drive (3/8-inch)
1/4-inch hex Allen, 19.5-inch drive extension
7/16-inch socket / 4-inch extension / 3/8-inch ratchet drive
90 ° needle nose pliers

Cutting Devices
EVA scissors

Diagonal cutters
Tube cutter

Pry bar

Bolt puller (crowbar)

Loop pin extractor

EVA Winch

Winch rope reel
Snatch block
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Restraints/Containers:
Tethers
Portablefoot restraint
Manipulatorfootrestraint
Tapeset- ducttape
Velcrostrapset
Payloadretentiondevice
Trashcontainer
Provisionsstowageassembly
Modularequipmentstowageassembly
Mini-workstation
Tool caddy

MannedManeuveringUnit (MMU)

SpecialPurposeTools
3-Pointtool
Centerlinelatchtool

EMU Devices
Glovehotpads
EMU battery
EMULiOH cannister
EMU lights
EMUlight battery
EMU TV system
EMU TV batterypack
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B.1

APPENDIX B

EVALUATION TABLES

EVA SUBSTITUTION END EFFECTORS EVALUATION TABLES

Table B.1-1. EVA Substitution End Effectors - Function Performance

°_

o

Alternatives

Two Opposing
OMV Hands Fingers

OMV-A OMV-B OM'V-C 2F-I 2F-R 4F AH

Inspect 2 1 3 2 2 2 3

Orient 1 1 1 l 1 2 4

Align 1 2 2 2 2 2 3

Grasp/Grapple 1 2 2 3 3 3 3

Rigidiz_ 3 3 3 2 2 3 3

MatrdDemam 1 2 2 1 1 1 3

Iraert/Remove 1 1 1 1 2 3 3

Lock/Unlock 1 1 l 1 1 1 2

Screw/Unscrew 1 3 3 1 2 3 4

Bolt/Unbolt 1 1 1 1 1 2 3

Cut 1 1 1 1 1 1 2

Tape 0 0 0 0 0 0 2

Patch 1 2 2 2 2 2 3

Polish 1 1 2 1 1 2 3

Solder 1 1 2 1 1 1 2

TOTAL 17 22 26 20 22 28 43

NORM,M..IZED TOTAL 1.13 1.47 1.73 1.33 1.47 1.87 2.87
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Table B.1-2. EVA Substitution End Effectors - Task Performance

el

_.__

CD

¢O

Alternatives

TwoOpposing
OMVHands Fingers

Four

Fingers

OMV-A OMV-B OMV-C 2F-I 2F-R 4F

Anthro-
pomorphic

AH

Assembly Tasks 1 2 2 2 2 3 3

Servicing Tasks 1 1 I 1 2 2 3

Repair Tasks 1 I I 1 1 1 2

Telescoping Antenna 1 I 2 2 2 2 3

Thermal Blanket Handling 0 1 1 0 I 1 2

ORU Replacement 1 1 2 2 2 2 3

TetheringOperations 0 0 0 0 0 0 2

Tumbling Satellite
Capture 2 2 2 2 2 3 3

Contingency Handling 1 1 2 2 2 2 3

TOTAL 8 10 13 12 14 16 24

NORMALIZEDTOTAL 0.89 1.11 1.44 1.33 1.56 1.78 2.67
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Table B.1-3. EVA Substitution End Effectors - System Attributes

ClampingForceRange

OMVHands

OMV-A OMV-B OMV-C

2 3 3

Clearances 1 2 2

Alternatives

Two Opposing
Fingers

2F-I 2F-R

2 2

1 2

4F All

3 2

2 3

o_
=m

,.$....a
om

O

MechanicalCompliance 0

ManipulativeCapability 0

Likelihoodof Damaging 1
ArbitraryClampedObject

Chance of LosingGrasp on
ArbitraryClampedObject

CollisionDamagePotential

0 0 2 2 3 4

0 0 0 0 1 3

2 2 2 2 2 3

MaximumSize of Objects 1
Handled

MinimumSizeof Objects 1
Handled

SystemMass 3

TOTAL

NORMALIZEDTOTAL

13

1.30

2

i

19

1.90

18

1.80

20

2.00

22

2.20

24

2.40

32

3.20
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Table B.1-4. EVA Substitution End Effectors - Useability

t_
=m

om

tO

Human Operator
Workload

Tune to Complete Task

Consistency of
Operator Interface

Naturalness of Manual
Control

Compatibility with
Automation

Alternatives

0MV Hands TwoOpposing
Fingers

OMV-A OMV-B OMV-C 2F-I 2F-R

Four
Fingers

4F

3 1 2 2 2 2

2 0 1 2 2 3

4 3 3 3 3 3

4 3 3 3 3

3 0 2 1 1 2

Anthro-

pomorphic

AH

TOTAL 16 7 11 11 I1 12 15

NORMALIZEDTOTAL 3.20 1.40 2.20 2.20 2.20 2.40 3.00
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Table B.1-5. EVA Substitution End Effectors - Robustness/Complexity

t_
tm

lain

CD

i.._

tO

0MV Hands

OMV-A OMV-B

Failure Proneness 4 4

Feasibility of Modular
SelI-Rep!acernent 0 0

Environmental Sensitivity 4 3

MechanicalComplexity 3 3

ElectronicComplexity 3 3

TOTAL 14 13

NORMALIZEDTOTAL 2.80 2.60

OMV-C

Alternatives

TwoOpposing Four
Fingers Fingers

2F-I 2F-R 4F

3 3 2

0 0 0 0

2 3 3 3

1 2 2 2

1 2 2 2

5 10 10 9

1.00 2.00 2.00 1.80

Anthro-

pomorphic

Air

i

2

2

.

8

1.60
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Table B.1-6. EVA Substitution End Effectors - Development Cycle Factors

OMV Hands

Alternatives

Two Opposing
Fingers

_thro-

¢D
=m
i,,.

¢D

x__

Time toDevelop

Cost to Develop

Cost per Unit

Compatibility with
Evolutionary Approach

Tune to Space Rate

TOTAL

NORMAL/ZEDTOTAL

4

4

3

1

4

16

3.20

3

3

2

0

4

12

2.40

I

I

I

2

I

6

1.20

2

3

2

1

3

11

2.20

2 1

3 2 2

2 1 1

I 3 4

1

3 2 2

11 9 I0

2.20 1.80 2.00
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B.2 RMS CONFIGURED END EFFECTORS EVALUATION TABLES

Table B.2-L RMS Configured End Effectors - Function Performance

Alternatives

J

1,,,

0

Inspect

Orient

Align

Grasp/Grappl_

Rigidize

Ma_/Dema_

InserVRemove

Lock/Unlock

Screw/Unscrew

Bolt/Unbolt

Cut

Tape

Patch

Polish

Solder

TOTAL

No--TOTAL

STD

I

2

I

2

4

0

SqTD+4F

2

2

2

2

2

1

1 2

0 1

0 1

0 2

0 0

0 0

0 1

0 0

0 0

11 18

0.73 1.20

3

4

3

3

3

2

3

2

3

3

1

2

2

2

1

37

2.47

DH 4F+2AH

2 3

3 4

2 3

3 3

3 3

1 3

2 3

1 2

1 4

2 3

1 2

0 3

0 3

0 2

0 2

21 43

1.40 2.87
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Table B.2-2. RMS Configured End Effectors. Task Performance

Alternatives

¢u
m

L_

G)
gm

¢_

Assembly Tasks

STD STD+4F

0 1 2

Servicing Tasks 0 1 2 I
m

Repair Tasks
0 I 2 1

Telescoping Antenna 0 1 3 1

Thermal Blanket

Handling 0 0 2 1

ORU Replacement
0 1 2 1

0 0 3 1
Tethering Operations

Tumbling Satellite

Capture 1 2 3 2

1 2 3 2
Contingency Handling

Auxiliary Equipment
Holding Capability 0 1 2 1

DH

I

Bulk Item Holding (e.g.,
grapple, EVA platform)

4F+2AH

3

2

3

4

4 1 2 1 3

TOTAL 6 11 26 13 34

NORMAIJZF.D TOTAL 0.55 1.00 2.36 1.18 3.09
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Table B.2-3. RMS Configured End Effectors - System Attributes

¢0
m

L.

mm

0

Alternatives

STD STD+4F

:lamping Force Range 1 3

:learances 1 2

_echanical Compliance 3

Likelihood of Damaging
_bitrary Clamped Object

3

MIanipulative Capability 0 1 3

I 2 3

L-'_ance of Losing Grasp on
_M'bita-'aty Clamped Object

ColLision Damage Potential

4

Maximum Size of Objects

Handled

2

4 2

Minimum Size of Objects 1 2
-Iandled

System Mass 4 3

Necessary Volume for
Control Station

Danger to EVA Astronaut 4 2 1

Obstruction at Worksit¢ 4 4 2
for EVA Astronaut

Power Consumption 3 3 2

FTS Precision Capability 1 1 2

Launch Resu'aint

Requirement 1 1 1

Enhanced Multifunctionality 0 0 4
through Multiple Grippers

STD+2AH DH

2 2

3 1

4 3

3 2

3 2

3 3

2 2

3 1

3 2

1 2

1 3

1 3

2 4

2 3

1 2

1 3

3 0

4F+2AH

TOTAL 38 38 37 38 42

NORMAL2ZED TOTAL 2.24 2.24 2.18 2.24 2.47
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Table B.2-4. RMS Configured End Effectors - Useability

Alternatives

¢=
u

L_

(D
m

s_

O

Human Operator
Workload

Time to Complete Task

Consistency of
Operator Interface

Naturalness of Manual
Control

Compatibility with
Automation

STD

4

4

4

STD+4F STD+2AH

2

2

DH

2

°

4F+2AH

2

TOTAL 14 13 13 14 12

NORMALIZED TOTAL 2.80 2.60 2.60 2.80 2.40
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Table B.2-5. RMS Configured End Effectors - Robustness/Complexity

Alternatives

m

¢_

m

0

STD

Failure Proneness

Environmental Sensitivity

Mechanical Complexity

Electronic Complexity

TOTAL

NORMALIZED TOTAL

4

4

4

16

4.00

STD+4F

3

11

2.75

STD+2AH

2

2

8

2.00

DH

3

2

10

2.50

4F+2AH

2

6

1.50
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Table B.2-6. RMS Configured End Effectors - Development Cycle Factors

Alternatives

Time to Develop

m Cost to Develop
I....

O_

,__ Cost per Unit
0

Compatibility with
Evolutionary Approach

Time to Space Rate

STD

4

3

STD+4F

2

DHSTD+2AH

3

1 2

1 3

TOTAL

NORMALIZED TOTAL

2

4F+2AH

16

3.20

2

13

2.60

4

7

1.40

3

15

3.00

4

8

1.60
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APPENDIX C

ACRONYMS USED IN TEXT

CCD

CID

DH

DOF

EE

EMU

EV

EVA

IOC

MMU

MST

OMV

OMV Hand

ORU

PFMA

RMS

SFE

Charge Coupled Device

- Charge Injected Device

Dexterous Hand

Degree Of Freedom

End Effector

Extra-vehicular Mobility Unit. A space shuttle astronaut's spacesuit.

Extra-Vehicular

- Extra-Vehicular Activity

Initial Operational Capability

Manned Maneuvering Unit

- Module Servicing Tool. A power tool used by astronauts to aid module
changeout on certain types of satellites.

Orbital Maneuvering Vehicle. A future unmanned space vehicle, fitted with

a manipulator system for servicing and repair of satellites and other spacestructures.

JPL experimental "smart" end effector, possibly to be developed for eventual
use with the OMV.

Orbital Replaceable Unit. Modular units for use in satellites and other space
structures, designed to be replaced easily by an EVA aslxonaut.

Prom-Flight Manipulator Arm

Remote Manipulator System. The 50-foot manipulator system used onboard
the space shuttle.

Smart Front End. The proposed manipulator system to be fitted to the OMV
for satellite servicing and repair operations.

C-1




